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The aim of this research is to develop a type of steel-concrete-steel (SCS) sandwich shell 
structure to be used as ice-resistant walls for Arctic offshore structure. The main concern 
is the ultimate strength of the sandwich shell under localized ice contact pressure. Ultra 
lightweight cementitious composite (ULCC) with a density of 1450 kg/m3 and 
compressive strength of 60 MPa was used in the sandwich shells to produce a lightweight 
structure with relative high strength. Mechanical shear connectors were used in this 
sandwich shell structure to enhance the interfacial bond and vertical shear resistance. 
An innovative study aiming to develop novel shear connectors for the SCS sandwich 
structure was carried out. Concepts of nine types of mechanical shear connectors were 
proposed. The general advantages and disadvantages of these developed shear connectors 
were discussed and compared. Comparative studies on structural performances of the 
selected cable connector, J-hook connector and headed shear studs were carried out by 
tests on the prototype beams with them. The test results showed that the beams with the 
cable connectors exhibited equivalent ultimate strengths but lower elastic stiffness 
compared with the beams with J-hook connectors. The beams with the J-hook connectors 
exhibited equivalent strength, ductility and stiffness to the beams with the headed shear 
studs. Design formulae on SCS sandwich beams with UCU connectors are developed.  
As the basic components of the SCS sandwich structure, the strengths of the J-hook shear 





the J-hook connectors embedded in normal weight concrete (NWC), lightweight concrete 
(LWC) and ULCC were widely investigated through 102 push-out tests and 79 tensile 
tests. The push-out tests show the shear strength of the J-hook connectors are significantly 
influenced by the geometry and strengths of the steel and concrete materials. Based on the 
push-out test results, design formulae were developed to predict the shear strength and 
describe the load-slip behaviors, respectively. Design approaches for tensile strength of 
the J-hook connectors were also developed by modifying the ACI 318 and PCI codes. 
Strength of the J-hook connectors under combined shear and tension loads were obtained 
through FE analysis. All these developed design approaches offer the basic design guides 
on the prediction of the SCS sandwich members. 
Ultimate strength behavior of the SCS sandwich beams with shear connectors and ULCC 
were evaluated through one- or two- point loading tests on 18 sandwich beams. Through 
the experimental investigation, it reveals that shear span significantly influence the failure 
modes and ultimate strength. Thickness of the steel plates, core material strength, and 
spacing of the connectors influence the strength of the sandwich beams. Through the 
comparisons between the strengths of the beams with the J-hook connectors and headed 
shear studs, it revealed that the J-hook shear connectors provided equivalent ultimate 
strength, ductility and stiffness to the beams with headed studs. Theoretical model was 
developed to predict the strength of the SCS sandwich beams under combined shear force 
and bending moment. The predicted strengths by this theoretical model agree well with 
the test results. Moreover, nonlinear 3D FE model was developed for the analysis of the 
sandwich beams with the J-hook connectors. The FE model exhibits good agreements on 
the ultimate strength, deforming shape of the beams and cracks developed in the core 





To date, there are no available design guides or tests on the SCS sandwich composite 
shell structure with shear connectors. In this thesis, the ultimate strength performances of 
the SCS sandwich composite shells were investigated to fill the missing information. 
Nine SCS sandwich shells were tested under patch loading. The test results revealed that 
curvature of the shell, thickness of the steel face shell, strength of the core material, and 
spacing of the connectors have significant influences on the punching shear resistance of 
the SCS sandwich shell. Introducing the mechanical shear connectors greatly improves 
the strength of the sandwich shell. A theoretical model by modifying Eurocode 4 was 
developed to predict the punching shear resistance of the SCS sandwich composite shell 
structure. Compared with the test results in this paper and 11 test results from the 
reference (Shukry, 1986), the developed model offers the best predictions compared with 
other design guides or methods. Compared with the local ice contact pressure obtained 
from the API RP 2N and ISO 19906, it is found that all the tested sandwich shells 
exhibited much larger punching shear resistance. 
The proposed novel shear connectors offer more choices to design the SCS sandwich 
composite structures. The developed design formulae on predicting strength of the J-hook 
connectors provide the basis for designing of the SCS sandwich beams, plates and shells 
with such type of connector. The analysis model and numerical model developed in this 
thesis will be useful to predict the ultimate strength of the connector, sandwich beams and 
shells. The experimental and analytical investigations on the SCS sandwich shell fill up 
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A  Ice floe area 
0NA  Projected area of one anchor at the concrete surface unlimited by edge influences 
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1 .5cr e fS h  
NA   Projected area of failure surface for the anchor or group of anchors that shall be 
approximated as the base of the rectilinear geometrical figure that results from 
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CHAPTER 1  INTRODUCTION 
1.1 Overview 
Steel-concrete-steel (SCS) sandwich composite structure, consisting of two exterior steel 
face plates and sandwiched core concrete that interact together through cohesive material 
or mechanical connectors,  is a type of relatively new structure that can be traced back to 
1970s (Solomon et al. 1976). This form of structure takes advantages of both concrete 
compression and steel tension. The SCS sandwich composite structure exhibit many 
advantages over the reinforced concrete (RC) structure such as no limit of flexural 
reinforcement ratio, saving formworks for concrete casting, permitting prefabrication and 
reducing site construction period and cost, better waterproofing, better spalling resistance 
under impact load, and easier repair. Due to its excellent cost-efficient performances, the 
SCS sandwich composite structures are widely applied in civil and offshore domain as 
platform decking system, bridge decks, shear walls, floors, protection structures, 
submerging tunnels, ship hulls, and offshore structures (Mirza and Uy, 2010; Sohel and 
Liew, 2008; Wright et al. 1991b; Roberts et al., 1996). 
SCS sandwich shell is the curved form of SCS sandwich structure. It is made of infill core 
concrete sandwiched by two steel face shells. SCS sandwich composite shell structure 
was used as oil reservoirs built at the seabed for the deep sea oil production system 
(Montague, 1975; Shukry, 1986; George, 1998). More recently, curved SCS sandwich 
structure was proposed as the ice-resistant wall to resist the ice loading and provide 
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protections to the oil production platforms in Arctic Ocean (Marshall et al., 2009 and 
2010).  
To reduce the self weight of the SCS sandwich structure, lightweight concrete (LWC) is 
usually used in SCS sandwich structures. Benefiting from the development of the LWC 
mixture, the designers and researchers have more choices when selecting these new 
materials for the SCS sandwich structures to achieve lighter self weight but higher load 
carrying capacity (Chia et al., 2011). SCS sandwich structures with LWC have been 
proposed and already used in building, bridges, ship hulls and offshore structures (Klanac 
and Kujala, 2004; Hansen, 2005; Grafton and Weitzenböck and, 2011). 
 Ultimate strength of the SCS sandwich structure is one of the main concern when we 
design such type of structures. For most of the design codes, the SCS sandwich structure 
is treated as the RC structure to check the flexural and shear resistance (Eurocode 4). 
Similar to RC structure, the SCS sandwich structure probably fails in flexural failure, 
brittle failure (shear failure or  punching shear) or combined failure of the both, which 
will be greatly depended on the structure itself as well as applied loads (Stein, 2007). For 
ice-resistant wall structures in Arctic region, the main concern for designing is punching 
shear resistance that considers the local ice contact pressure acting on the structures (API 
RP 2N, 1995). 
1.2 Research Background 
To meet the rapid growing demand of oil and gas for the bursting industries of the world, 
the search of oil now extends to deep sea and Arctic region. The Arctic region is found to 
be the last region with the highest unexplored potential resources for oil and gas as well 
as unconventional hydrocarbon resources such as gas hydrates. Most of the offshore 
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petroleum production system in the Arctic requires platforms that can be used as oil 
storage and maintaining facilities. Due to the harsh environment with moving ice sheets, 
ridges and icebergs, an ice-resistant wall around the perimeter of the oil production 
platforms will be used to resist the produced ice loading and transmit these loads to the 
foundation. This ice-resistant wall system is shown in Fig. 1.1. The exterior ice-resisting 
wall is composed of flat or curved plates stiffened by the bulkheads and thrust beams. 
Marshall et al. (2009, 2010) proposed a concept for ice-resistant platform with a SCS 
sandwich structure to be used in sea water depths ranging from 10 to 100 m (as shown in 
Fig. 1.1c, 1.2 and 1.3). The proposed ice-resistant structure is in a conical shape with a 
slope angle of 45°~50° to the horizontal sea level. It was observed that sloping structures 
would encounter smaller ice forces compared with vertical-sided structures. The ice sheet 
would ride up the slope and fail in flexural bending rather than crushing as that occurred 
to a vertically-sided structure. Curved SCS sandwich system was proposed as the ice-
resistant wall for this arctic platform. 
Since the curved SCS sandwich structure was chosen for the protection of the platforms, 
it is of great interest to obtain strength of this type of structure for design purpose. 
Unfortunately, there are no related design guidelines for this SCS sandwich shell structure. 
The EC4 or ANSI/AISC only specifies the strength of the flat steel-concrete composite 
structures. Moreover, few literatures are available for this topic in the public domain. The 
SCS sandwich shells subjected to external pressure and local concentrated load were 
studied by Shukry (1986). However, these investigated curved SCS sandwich structures 
were designed without any bond measures between the concrete and steel plates. There 
were some research works done to study the ultimate strength of concrete shells made of 
both normal and lightweight concrete (Birdy and Bhula, 1985; McLean et al., 1990; Phan, 
1993; Sabnis and Shadid, 1994). Nevertheless, those research works were limited to the 
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concrete shells that were different from the SCS sandwich structures. 
In SCS sandwich structures, cohesive materials and mechanical shear connectors are 
widely used to achieve composite action. SCS sandwich structure with the cohesive 
material such as epoxy was proved to be weak in sectional shear strength due to sole 
shear capacity contributed by the pure concrete (Solomon, 1976; Ong and Mansur, 1985). 
Compared with cohesive material, shear connectors exhibited advantages on providing 
cross sectional shear resistance. There are several representative types of mechanical 
connectors used in SCS sandwich structures. The most widely used shear connector in 
SCS sandwich structure was the headed shear stud or Nelson stud. SCS sandwich 
structure with overlapped headed shear stud namely ‘Double skin structure’ was 
originally devised for submerged tunnels as shown in Fig. 1.4 (Wright and Oduyemi, 
1991). Another representative type of connector is the one used in ‘Bi-steel’ sandwich 
structure (Bowerman et al., 1999). Friction technology was used to fabricate this type of 
sandwich composite structure. Though this type of structure exhibited excellent 
performances, the only disadvantage was that the thickness of Bi-steel structure was 
limited to 0.2~0.7 m to fit the friction welding equipment during fabrication. SCS 
sandwich structures with angles were also applied in port and harbor structures (Malek et 
al., 1993). Experimental studies on this type of sandwich structure were carried out by 
Malek et al. (1993) and Sohel (2003). However, due to shallow embedment of the angle 
connectors, this type of structure exhibited weak cross section shear resistance. J-hook 
connectors were proposed to be used in SCS sandwich composite structure by Liew et al. 
(2008). The J-hook shear connector was named after its shape like the English character 
‘J’. The J-hook connectors were found to be capable of providing effective bond and 
cross sectional shear resistance under different loading conditions (Liew et al., 2009; 
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Sohel, 2008; Dai, 2008; Sohel and Liew, 2011). However, as the basic components, the 
shear and tensile strength of the J-hook connectors embedded in the core concrete have 
not been systematically studied.  
LWC concrete is used in SCS sandwich composite structure to reduce self weight. Present 
research explores the newly developed concrete mixture namely Ultra Lightweight 
Cementitious Composite (ULCC). The ULCC exhibits high compressive strength ( ckf
=65 MPa) but with a low density of only 1450 kg/m3 (Chia et al., 2011). The ULCC uses 
very fine aggregate (Cenosphere) and exhibits excellent workability. This advantage can 
greatly reduce the honeycomb voids in the structure with normal weight concrete. Finally, 
ULCC is chosen as the core material for the SCS sandwich composite structure.  
Since the ULCC is used in the SCS sandwich structures, corresponding design methods 
need to be developed. Therefore, it is necessary to develop design approaches or check 
currently available design guidelines for research and design purposes. So far, most of the 
design formulae on the strength of the mechanical connectors are empirical ones and 
greatly depend on the library of the tested specimens. The SCS sandwich structure with 
new types of connectors and core material are out of scope of these design codes. 
Previous research works were focused on strength of SCS sandwich structure with NWC 
or LWC (Oduyemi and Wright, 1989; Roberts et al., 1995; Roberts et al., 1996; 
Narayanan et al., 1997; Liew et al., 2009; Sohel and Liew, 2011). Most of the design 
codes were developed for the steel-concrete composite structure with headed shear studs 
(EC4, ANSI/AISC).  
To date, there are few literatures on the strength of SCS sandwich shell structures. 
Previous studies were either on the concrete shells or SCS sandwich shell without 
mechanical shear connectors (Phan, 1988; Sabnis and Shadid, 1994; McLean et al., 1990; 
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Shukry, 1986; Shukry and Goode, 1990). It is necessary and important to carry out 
experimental investigations to obtain the structural performances of the SCS sandwich 
composite shell structure. Furthermore, as specified in API RP 2N, the localized ice loads 
need to be considered for both steel and concrete structures (API-RP-2N, 1995). 
Therefore, the punching shear capacity of the SCS sandwich composite shell structure 
becomes a main concern for the further research. 
1.3 Research Objectives and scopes 
As mentioned above, information on the strength of SCS sandwich shells (or curved SCS 
sandwich plates) are quite limited. In order to achieve full composite action at the 
interface of the steel and concrete, mechanical connectors are used. The newly developed 
ULCC is chosen as the core material to achieve a lightweight structure. So far, structural 
behaviors of SCS sandwich structures with new mixture-ULCC have not been 
investigated. Moreover, the shear and tensile strengths of the proposed J-hook connector 
have not been systematically studied. The structural performances of the SCS sandwich 
composite structure with the mechanical shear connectors and ULCC should be studied 
for the flat panels. The relationship among the strength of the structure and strength of the 
connectors were shown in Fig. 1.5. The research objectives are listed below: 
1) To carry out feasibility study on mechanical connectors for the SCS sandwich shell 
structures and to recommend suitable connectors for curved sandwich structure.   
2) To systematically study the shear and tensile strength of the J-hook connectors 
embedded in different concrete mixtures including NWC, LWC and ULCC; to obtain 
the strengths of the J-hook connectors subjected to shear, tension and combined shear 
and tension loads. To develop design formulae on prediction of these strengths. 
3) To experimentally investigate the ultimate strength behavior of the proposed 
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sandwich beams with the newly developed mixture ULCC. To develop FE and 
analytical models to predict the strength of these SCS sandwich beams with the 
mechanical connectors and ULCC. 
4) To carry out experimental study on the SCS sandwich shells with mechanical 
connectors and ULCC. These experimental studies are set to investigate the structural 
performances of sandwich shells under patch loading. 
5) To develop analytical methods to predict the punching shear strength of the SCS 
sandwich shell structures with mechanical connectors and ULCC. 
To achieve the above objectives, the research scopes are as follows: 
1) In order to find the suitable shear connectors to be used in the SCS sandwich shell 
structure, several types of novel shear connectors were developed and proposed. The 
performances of the selected connectors were investigated through the tests on the 
prototype SCS sandwich composite beams with them. Through the comparative 
studies, recommendations on the most suitable connectors are made for the further 
research. 
2) To investigate the shear strength, tension capacity and strength of the J-hook 
connectors under combined shear and tension forces of the proposed J-hook shear 
connectors, a series of push-out tests, tension tests and finite element analysis are 
conducted, respectively. Parametric studies are carried out to investigate the 
influences of different variables on the shear and tension capacity. All these test 
programs are focused on the strength of the J-hook connectors embedded in different 
concrete mixtures especially in the ULCC.  
3) Ultimate strength of SCS sandwich beams with the ULCC is also one of the research 
scopes. Structural behaviors of the SCS sandwich beams with ULCC are investigated 
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through a series of three-point or four-point bending tests. The tests are also carried 
out to investigate the influences of different parameters on the strength of sandwich 
beams. Analytical models are proposed and compared with finite element (FE) 
method to predict the strength of SCS sandwich beams. The experimental results are 
used to verify the developed analytical model and FE model.   
4) Finally, the ultimate strength behavior of SCS sandwich composite shell is 
investigated. A two-phase experimental programme is carried out to investigate the 
structural behavior of the SCS sandwich shells under concentrated loading. In the 
test program, the bond enhancement by the connector, thickness of the steel shell, 
strength of the concrete, spacing of the connectors, curvature of the shell are 
considered. The tests focus on the strength of the shell under point load. 
Experimental results are used to verify the analytical method to predict the strength 
of the SCS sandwich shell.  
The research work reported in this thesis aims to fill the missing information on SCS 
sandwich composite shell structures with shear connectors. Design guidelines are 
proposed to predict the strength of the SCS sandwich composite shell structure under 
local concentrated loading. The developed design guides to calculate the strengths of J-
hook connectors will supplement the existing design approaches on the shear connectors 
used in SCS sandwich composite structure. Nevertheless, this developed design guides 
enlarge the application scopes of the formulae for connectors embedded in more types of 
core concrete. Therefore, these researches clear the obstacles of applying the SCS 
sandwich composite structure with the J-hook connectors. The ultimate strength 
behaviors of the SCS sandwich composite beams with mechanical shear connectors and 
new core material ULCC will be investigated through the test on these sandwich beams. 
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The design approaches are hopefully developed for the SCS sandwich composite beams 
with mechanical shear connectors and ULCC. Finite element model will also be 
developed to analyze the structural performances of the SCS sandwich beams with the J-
hook connectors and ULCC.  
1.4 Thesis organization 
Chapter 1 introduces the development of SCS sandwich structure especially for the SCS 
sandwich shell structure. Development of mechanical shear connectors used in SCS 
sandwich structures is also introduced. Research objectives, scopes and significance   are 
presented in this chapter. 
Chapter 2 gives literature reviews on SCS sandwich composite structures, concrete shell 
structures and SCS sandwich shell structures. SCS sandwich composite structures with 
different bonding measures are reviewed. Research work on investigating the strengths of 
mechanical shear connectors including shear, tensile and strength under combinations of 
shear and tensile loads are reviewed. Ultimate strength tests on SCS sandwich composite 
beams and plates were also reviewed. 
Chapter 3 performs feasibility studies on the novel connectors for used in SCS sandwich 
shells. Through the comparative study, bonding effectiveness of the studied mechanical 
shear connectors is discussed and observed. Recommendations on suitable shear 
connectors are made for the further research. 
Chapter 4 presents the research achievements on the strength of the J-hook connectors 
used in the SCS sandwich composite structure. The shear strength and tensile strength of 
the J-hook connectors are systematically studied through push-out tests and pull-out tests, 
respectively. Based on these push-out test results, regression analysis are carried out and 
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design formulae on predicting shear strength of the J-hook shear connectors embedded in 
different concrete mixture are proposed for design purpose. Moreover, design formulae 
describing the load-slip behaviors the J-hook connectors are also proposed through 
analysis on amounts of the load-slip curves obtained from the test. Design guidelines in 
ACI and PCI are also used to predict the pull-out strength of the J-hook connectors. 
Predictions are verified against the pullout test results. A FE model is developed and used 
to investigate the strength of J-hook connectors under combinations of shear and tensile 
loads.  
Chapter 5 investigates the structural behaviors of the SCS sandwich beams with shear 
connectors and ULCC. Two series of SCS sandwich beams are designed with J-hook 
connectors and headed shear studs respectively. Different parameters influencing the 
ultimate strength of the SCS sandwich beams are studied and discussed. Analytical design 
formulae predicting the ultimate strength of the SCS sandwich beams are developed. 
Moreover, FE model is also developed to describe the structural response of the SCS 
sandwich beams with the ULCC and shear connectors. 
Chapter 6 describes the structural behavior of the SCS sandwich composite shells under 
local concentrated loading. The investigated SCS sandwich composite shells are designed 
with mechanical connectors (including J-hook and headed shear stud connectors) and 
ULCC. The experimental study focus on the punching shear resistance of the SCS 
sandwich shells subjected to local concentrated loading.   
Chapter 7 presents the analytical model to predict the punching shear strength of SCS 
sandwich composite shell structures. The analytical predictions are compared with those 
from experiments. Moreover, strengths of the SCS sandwich composite shells are also 
checked by the ice contact pressures that are specified in API and ISO 19906. Through 
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the check, the strength of the proposed SCS sandwich composite shell under concentrated 
loading are evaluated. 
Chapter 8 summarizes the all the works carried out in this thesis. Conclusions on both 
experimental, analytical and FE investigations on the SCS sandwich composite structures 
with the ULCC are presented. Some research recommendations are also made for future 
research.   
Chapter 1 Introduction 
 
‐ 12 -    
 
 
(a) Oil production platform in Northstar Island, 
Alaskan Beaufort Sea 
(b) Oil production platform-Molikpaq, 
Canadian Beaufort Sea 
  
(c) Generic Arctic oil & gas platform (Marshall, 2010) 
Fig. 1.1 Ice-resisting wall for platforms in Arctic Ocean 
 
Fig. 1.2 Concept for fluted shell Arctic structure (Marshall, 2009) 
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Fig. 1.3 Details of curved shell, radial bulkhead, and internal framing (Marshall, 2010) 
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Strength of SCS sandwich beam
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CHAPTER 2  LITERATURE REVIEW 
2.1 General 
Steel-concrete-steel sandwich (SCS) sandwich composite structure is a relatively new 
type of structure that combines advantages of both steel plate tension and concrete core 
compression. SCS sandwich composite shell structure is the curved form of SCS 
sandwich structure that is made of in-filled concrete sandwiched by bent or rolled steel 
plates using cohesive material or mechanical connectors to bond all the components 
together and keep integrity. Many types of SCS sandwich structures have been developed 
and applied in civil and offshore domain as slabs, shear walls, decking system of offshore 
platforms, bridge decks, oil storage vessels, protecting structures, tunnels. Meanwhile, 
design guides for these SCS sandwich composite structures were also developed and 
proposed for research and design purposes. In this chapter, different types of SCS 
sandwich structures are firstly reviewed. Followed are some literature reviews on the 
curved SCS sandwich structure and concrete shell structures. Research works and design 
guidelines on calculating strength of SCS sandwich structures will be also reviewed and 
summarized. Finally, some review works are also carried out on three dimensional (3D) 
finite element models on analyzing SCS sandwich structures. 
2.2  SCS sandwich composite structure 
There are many literatures on the SCS sandwich composite structure in the public domain. 
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Among these SCS sandwich structures, there are two main categories, i.e. SCS sandwich 
structures with or without mechanical shear connectors. In the followed sections, the SCS 
sandwich composite structure without shear connectors will be firstly reviewed. Followed 
are the review works on SCS sandwich structure with mechanical connectors. 
2.2.1  SCS sandwich composite structure without shear connector 
The steel-concrete sandwich structure might originate from the Robinson deck (1968). 
The Tancarville Bridge near Havre, France adopting this technology of constructing the 
bridge’s deck was completed in 1959. The first investigation on SCS sandwich composite 
structure without connectors maybe traced back to 1970s (Solomon, 1976). This type of 
SCS sandwich structure was originally proposed for the bridge decks to reduce the self 
weight of the roadway slab on medium or large span bridge. Cohesive material-epoxy 
resin was used to achieve composite action. The working principle of this type of 
structure was similar to the reinforced concrete (RC) structure. Two external steel plates 
acted as compression or tension reinforcements in the RC structures. Though satisfactory 
bending moment capacity exhibited, the shear resistance or punching shear resistance of 
this type of structure were low due to sole shear strength provided by the core concrete. 
Once the interfacial bonding material damaged, the composite action would lose 
immediately as well as the load carrying capacity of the structure. Flexural behaviors of 
steel-concrete sandwich beams with cohesive epoxy had been tested subjected to four-
point bending (Ong et al., 1983). Through the experimental study, it revealed that the 
epoxy provided efficient bonding between the concrete and steel sheet to develop flexural 
failure. Two-way steel-concrete open sandwich slabs with epoxy bonding were 
experimentally studied by Ong et al. (1985). The reinforcement ratio for these steel-
concrete open sandwich slabs was less than 4.4%. Most of the slabs failed in punching 
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shear failure mode. A concept of SCS sandwich structure with lightweight concrete core 
and adhesive epoxy bonding between the core and face plates was proposed for the ship 
hull and marine offshore structures by Bergan and Bakken (2005). This concept greatly 
reduced the self weight of the structure. However, the transparent disadvantage for this 
type of structure was the low vertical cross sectional shear resistance that was commonly 
incurred in this type of structure.  
2.2.2 SCS sandwich structure with shear connector 
Mechanical shear connectors were used in SCS sandwich structure to enhance the shear 
capacity that could make up the disadvantage of low shear strength for those without 
shear connectors. There are many kinds of shear connectors that have been developed and 
proposed for steel-concrete sandwich structures.  
2.2.2.1  SCS sandwich structure with headed shear studs (Double skin structure) 
Headed shear studs or Nelson studs had been developed and used in bridge structures in 
1950s. Since then, studies on shear strength of the headed shear stud connectors were 
carried out aiming to apply this type of connectors in steel-concrete structure (Viest, 
1956). SCS sandwich structure with headed shear studs namely ‘Double skin’ structure 
consisted of two external steel plates with headed shear studs and concrete core 
sandwiched between the two external plates (shown in Fig. 2.1). These overlapped 
headed shear studs not only bond the steel face plates to the concrete core to achieve a 
composite action but also prevented uplifting and local buckling of the steel plates. The 
double skin structure was originally proposed for submerged tunnels (Narayanan et al., 
1987). Experimental investigations on SCS sandwich beams subjected to static loads were 
carried out by Oduyemi and Wright (1989). Later, experimental investigations on double 
skin structures were continued by Wright et al. (1991a). The design methods on this type 
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of structure were also proposed through these experimental and analytical studies (Wright 
et al., 1991b; Roberts et al., 1995). Moreover, partial composite structure and full scale 
experimental tests were also carried out to investigate more structural behaviors of this 
type of structure (Wright et al., 1991d; Wright et al., 1991e). Double skin structures used 
as compression members were experimentally investigated by Wright and Oduyemi 
(1991c). Researches on strength and design of double skin structures were continued by 
Roberts et al. (1995) and Roberts et al. (1996). Based on these extensive studies on 
double skin beams and compression members, design guidelines on double skin structures 
were published for design purposes (Narayanan et al., 1994; Narayanan et al., 1997). 
More recently, tests on double skin beams was carried out by Subedi (2003). In the 
double skin structure, the two external steel plates were fixed to the core concrete through 
the connectors. Therefore, the composite action and bending moment capacity greatly 
depends on the shear strength of the headed shear stud embedded in the concrete. 
Moreover, the overlapped headed shear studs embedded in the concrete would link the 
concrete cracks developed in the core and thus provide the shear resistance to the section 
(Shown in Fig. 2.2). This strength greatly depends on the tensile capacity of the headed 
shear stud. The disadvantage of this Double skin structure is that the structure loses both 
bending moment capacity and shear resistance immediately once the core concrete fails.  
2.2.2.2  Bi-steel structure 
The Bi-steel structure was a type of structure with a concept of using friction welding 
technology to connect the two external steel face plates (as shown in Fig. 2.3). This SCS 
sandwich system is patented by the Corus Construction & Industrial (Pryer and Boweman, 
1998). The fabrication procedures of the Bi-steel structure were; 1) two external face steel 
plates were spaced by an array of straight steel bars held in position with a certain degree 
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of pressure; 2) the connectors were then spun with a fast speed and thus produced friction 
heat at the conjunction; 3) the connectors were welded to the steel face plates by the 
generated heat. The Bi-steel steel frame without in-filled concrete had certain stiffness. 
Therefore, this type of structure could be erected and then grouted or grouted then erected 
that offered flexible construction consequences. Bi-steel structure could provide high 
impact and blast resistances. The straight bar connectors that were directly welded to 
external surface plates could provide high tensile capactiy and finally resulted in high 
shear resistance of the section. The static behaviors of the Bi-steel structure were studied 
by Xie et al. (2007). The development of the Bi-steel structure was summarized by Xie 
and Chapman (2006). The shear strength and tensile strength under static and fatigue 
loads of single connector were studied to provide basic design foundation (Xie and 
Chapman, 2004). Structural behaviors of Bi-steel beams subjected to static and fatigue 
loads were studied by Xie et al. (2007) and Foundoukos (2005). Moreover, the analytical 
model and finite element (FE) models were also developed to predict the strength of the 
Bi-steel beams (Xie et al., 2004; Foundoukos and Chapman, 2008). A design guideline on 
Bi-steel structures was published by the British Steel Ltd (1999), which offered means to 
the applications. The Bi-steel had a wide range of applications both in civil and offshore 
structures. Though Bi-steel structure shows a high strength and excellent structural 
performances under different loading conditions, the thickness of this structure is limited 
within a range of 0.2~0.7 m and there are also other limitations on the dimensions of this 
type of structure due to the limitations of the friction welding equipments. 
2.2.2.3  SCS sandwich structures with angle connector 
 Angle shear connectors were also used in SCS sandwich structure to achieve composite 
action between the steel and concrete. The SCS sandwich beams with angle connectors 
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had been investigated by Malek et al. (1992) and Zahran et al. (1998). This type of SCS 
sandwich structure was originally proposed to be used as the tunnels and studied in Japan. 
Due to the shallow embedding of the angle connectors in the core concrete, the push- and 
pull- out strength of the angle connectors would be low. Nevertheless, due to their 
shallow embedment, the angle connectors could not link the shear crack in the concrete 
core and thus could not provide shear resistance. Brittle failure of the SCS sandwich 
beams with the angle connectors was observed during the test. Later, the SCS sandwich 
structure with angle connectors and vertical shear steel plates was developed and studied 
by Saidi et al. (1998). This introduced shear steel plates crossed the SCS sandwich beam 
section and made up the disadvantage of weak shear resistance of the beam cross section. 
However, weak performances were also observed when they were subjected to impact 
load (Sohel, 2003). Shear failure modes were observed and separation between the steel 
plates and the core concrete occurred to SCS sandwich composite beams due to the weak 
bonding between the different components (Sohel et al., 2003). 
2.2.2.4   SCS sandwich structures with J-hook connector 
The J-hook shear connector for SCS sandwich structure was proposed by Liew et al. 
(2008). This type of proposed mechanical connectors was made by bending the normal 
reinforcement bars into the shape like the English character ‘J’. A pair of J-hook 
connectors was separately welded to the two external steel plates and interlocked each 
other and thus linked the two external face plates of the sandwich structure. During 
construction of the sandwich composite structures, spacers were used to hold the two 
external plates in position. Then, the concrete was pumped into the steel skeleton. The J-
hook connectors were confined by the surrounding casted concrete and provided a 
relative high tensile capacity. J-hook connectors were used to transfer the interfacial shear 
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forces between the steel face plates and concrete core. The J-hook connectors worked in 
pairs and interlocked each other that could effectively prevent separation and local 
buckling of the steel face plates, provide cross sectional shear resistance and keep the 
structural integrity. In addition, SCS sandwich structures with J-hook connectors had no 
limitations on their depth of the slab. Form this point of view, the SCS sandwich structure 
with J-hook connectors could offer flexible thickness of the decks that exhibited 
advantages over the Bi-steel structures. Static structural performances of SCS sandwich 
beams and slabs with J-hook connectors and lightweight concrete were investigated by 
Liew et al. (2009), Sohel and Liew (2011) and Liew and Wang (2011). Behaviors of SCS 
sandwich structure with J-hook connectors subjected to impact loads were studied by 
Sohel (2008) and Liew and Sohel (2009). Fatigue behaviors of the SCS sandwich beams 
with J-hook connectors and lightweight concrete core were studied by Dai (2008) and Dai 
and Liew (2010). From these pilot research investigations on SCS sandwich structures 
with J-hook connectors, it was observed that the SCS sandwich composite structure with 
J-hook connectors could provide relative high resistance to both static, impact and fatigue 
loads. This type of SCS sandwich structure showed versatile potential applications in civil, 
marine and offshore structure domain such as bridge decks, building core, building floors, 
tunnels, and slim offshore platforms. However, the fundamental strength such as the shear 
and tensile strength of the J-hook connectors embedded in different concrete mixtures 
have so far not been systematically studied.  
2.2.2.5  SCS sandwich structures with other types of mechanical connector 
There are also many other types of connectors that have been developed for the steel-
concrete composite structures. Fig. 2.4 (a)~(d) show the oscillating perfobond strip 
connectors, the continuous perfobond strip connector, waveform strip connector, and the 
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T-shape connector, respectively. The Hilti HVB shear connector is shown in Fig. 2.4(e). 
The profiled steel plate welded to the decking can be also used as shear connectors in the 
SCS sandwich structure as shown in Fig. 2.4(f). Composite actions of SCS sandwich 
structure with all these connectors would greatly depend on the filled concrete itself 
including shear resistance as well as pullout resistance. Disadvantage of these types of 
connectors is that the structure will lose composite action once the core concrete fails. Fig. 
2.4(g) shows some rigid shear connectors with steel hoops (Slobodan and Dragoljub, 
2002). These connectors comprised shear connectors and steel hoops. The rigid shear 
connectors were used to resist the longitudinal shear resistance. The steel hoops were 
used to prevent uplifting and provide tensile capacity. The rigid shear connector could be 
made of steel bars, tee shape beam, C-channel and horseshoe shape connector (shown in 
Fig. 2.4(g)). These rigid shear connectors used two separate components to transfer 
interfacial shear force and provide tensile capacity, respectively. However, embedding 
depth of these shear connectors was very shallow that would probably fail in concrete 
breakout failure, which would greatly reduce the shear strength of the connector as well 
as the composite action of the structure. 
2.3 Curved SCS sandwich composite structure and curved reinforced concrete 
structure 
Research works on both concrete shell and SCS sandwich shell structures are quite 
limited in public domain to deal with the curved geometry. Several published papers and 
PhD thesis on this topic were reviewed and summarized as below. 
2.3.1  Curved reinforced concrete (RC) structure or RC shell structure 
Concrete shells were proposed as the selective form of the ice-resistant structures (Birdy 
et al, 1985; Long, 1988; McLean et al., 1990). Birdy et al. (1985) proposed a concept of 
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using concrete shells as the ice-resistant wall for the Arctic concrete platforms. The 
concrete shells in a cone shape around the platform resisted the ice contact pressure and 
provided protections. A typical segment of this protection cone was designed and tested 
under point load (shown in Fig. 2.5). All the tested concrete shells were designed with 
same dimensions for span and width of 2286 mm. The thickness was 152 mm. Concrete 
shells were designed with two types of curvature that the ratios of soffit radius-to-
thickness were 12 and 36, respectively. All these concrete shells were compared with the 
flat ones. From the experimental studies, several conclusions were drawn as follows: 
(1) The ratio of the shear reinforcement would significantly increase the punching 
shear capacity of the concrete shell. This influence was larger than the strength of the 
steel shear reinforcement; (2) Increasing curvature of the concrete shell, the punching 
shear strength would be significantly increased; (3) All the concrete shells failed in a 
ductile mode; (4) The predictions by ACI 318-77 greatly underestimated the test results. 
The beam shear model gave the most satisfactory predictions. 
Maclean et al. (1990) and Long (1988) investigated the punching shear behavior of the 
concrete shells with lightweight concrete. Nine concrete slabs and six concrete shells 
were tested under concentrated loading. All the tested concrete slabs and shells were 
designed with a span of 40 inches. The thicknesses for the slabs and shells were 5 and 7 
inches, respectively. The investigated parameters were shear reinforcement ratio, loading 
area, radius-to-shell thickness ratio, prestressing of the flexural reinforcement and 
concrete strength. The test setup and dimensions of these lightweight concrete slabs and 
shells are shown in Fig. 2.6. Some conclusions were drawn from the experimental 
investigations and illustrated as follows: 
   (1) The curvature of the concrete shell led to increments in the punching shear 
resistance. However, the increasing rate of the strength would decrease as the curvature 
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increased; (2) Using shear reinforcement significantly increased the punching shear 
strength for both flat concrete slabs and concrete shells. This influence was more 
significant on flat concrete slabs than shells. The increase in punching shear strength by 
the shear reinforcement was more significant to the shells with lesser curvature; (3) 
Larger loaded area led to lower strength due to the increasing interaction between 
punching shear and beam shear; (4) Strength of flat slab with single span was larger than 
the one with three-span slab; (5) Punching shear strength predicted by the ACI design 
code underestimated the test results especially for the specimens with shear 
reinforcements. 
All these tested concrete covered both normal weight and lightweight concrete. The tested 
concrete shells were designed with or without shear reinforcements. Many exciting and 
beneficial observations were obtained from these tests on the scaled specimens. However, 
the specimens were only limited to the RC shells but not for the SCS sandwich composite 
shells. All these tested concrete shells were limited to one or several grade normal weight 
concrete or one particular lightweight concrete.  
Sabnis and Shadid (1994) summarized and analyzed tests results on 68 concrete shells 
from different literatures. The modified the design formulae considered different 
parameters that influenced the punching shear strength of the concrete shells. Those 
analyzed parameters were concrete strength, flexural reinforcement content, thickness of 
the slab or shell, dimension and shape of the loaded area, interaction between shear and 
flexure, and curvature of the shell. Based on the regression analysis, a design formula was 
proposed to predict punching shear strength of the concrete shells. Compared with 
available design guidelines ACI, this proposed formula offered better predictions. 
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2.3.2  SCS sandwich shell structure 
SCS sandwich composite shells without taking any bonding measures had been proposed 
as oil reservoirs laid on the seabed by Montague (1978). Considering the working state of 
the proposed shells, pressure of the sea water was the main concern for this type of shell 
structures. Therefore, behaviors of SCS sandwich composite shells under external 
pressure had been studied by Montague (1978a; 1978b; 1979; 1986), Goode and 
Fatheldin (1980). SCS sandwich composite shells subjected to external pressure and 
concentrated loading were investigated by Shukry (1986). The concrete and SCS 
sandwich shells subjected to external pressure had been studied by Nash (1987). The 
experimental works on punching shear strength on SCS sandwich shells were investigated 
by Shukry and Goode (1990). Besides experimental studies, the analytical method on 
strength of SCS sandwich shells under external pressures had been developed and verified 
against the test results. In the experimental studies on punching shear strength of the SCS 
sandwich composite shells (Shukry, 1986), the investigated parameters were thickness of 
the external face steel plate, size of the loading area, concrete strength, curvature of the 
shell, and total wall thickness of the shell. All the SCS sandwich shells were designed 
with the same span of 345 mm. The detailed dimensions are shown in Fig. 2.7. Based on 
test results of these SCS sandwich composite shells, some conclusions were drawn for the 
punching shear strength of these sandwich composite shells as below: 
1) The thickness of the steel skin increased the punching shear capacity of the filler 
concrete. The external steel skin plates were an efficient method to resist ice loading; 2) 
Curvature of the shell would significantly influence the punching shear strength of the 
SCS sandwich shells; 3) Several used design codes including EC2, CEB-FIP and BS5950 
underestimated the punching shear strength of the sandwich shell; 4) Deeper angles 
between the shear plane and concrete free surface were observed in the circumferential 
Chapter 2 Literature Review 
 
‐ 26 -    
 
direction than that in longitudinal direction.  
All the above research works are limited to the SCS sandwich composite shells without 
mechanical shear connectors. Moreover, only normal weight concrete was used for all the 
tested SCS sandwich shells. SCS sandwich shells with LWC have not been investigated. 
Composite bonding measures such as cohesive material or mechanical connectors were 
not used in the sandwich shell structure.  
2.4  Strength of SCS sandwich composite beam and plate structure 
Only the strength of the SCS sandwich composite structure subjected to static loads was 
reviewed. The strength of SCS sandwich composite structure includes the strength of 
fundamental component-shear connectors, strength of the SCS sandwich beams and 
plates. The strength of the mechanical shear connectors comprises shear strength and 
tensile strength of them embedded in the concrete. Strength of the SCS sandwich beams 
includes bending moment capacity and shear capacity of the member. Strength of the SCS 
sandwich slabs consists of punching shear strength and bending moment capacity of the 
structure. In this section, strength of the shear connectors will be firstly reviewed. Then, 
the strength of the members including both beams and slabs will be summarized based on 
the literature review.  
2.4.1 Shear strength of the mechanical shear connectors 
As aforementioned, there were many types of shear connectors proposed and used in the 
SCS sandwich structures. Among them, headed shear studs were the most widely used 
connectors due to their easy fabrication and installation.  
Studies on shear strength of the Nelson stud or headed shear stud can be traced back to 
1950s. Viest et al. (1956) proposed formulae to calculate the shear strength of the headed 
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shear stud based on his experimental works. The proposed formulae are  
2 4000 40005.25 1in; 5 1inu ck ck
ck ck
P d f for d df for d
f f
     (2.1) 
where, uP = critical load, lb; d = stud diameter, in; H = headed stud height, in; ckf
=concrete strength, psi. 
Slutter and Driscoll proposed design formulae on calculating shear strength for both 








d f for headed shear stud
P
h t w f for channelconnector
  
   (2.2) 
where, d=stud diameter, mm; w = length of a channel shear connectors, in; t =thickness of 
the concrete slab, in; h= height of the connector, in. However, the concrete compressive 
strength for Eqn. (2.2) was limited to 4000 psi (28 MPa). 
Goble carried out 72 push-out tests on shear stud connectors welded to thin flange 
composite structures (Goble, 1968).  He proposed a model on calculating shear bearing 
capacity of the connectors. As specified in Eqn. (2.3), the concrete compressive strength 
herein was limited to 4000 psi (28 MPa). The proposed model is as below 
2882u ckP d f       (2.3) 
Eqn. (2.3) is similar to Eqn. (2.2) except the constant coefficient. 
Important design formulae were proposed to calculate the shear strength of the shear stud 
connectors embedded in both normal weight and lightweight concrete by Ollagarrd et al. 
(1971) at Lehigh University. Based on their 48 push-out test results, the regression 
analysis was carried out. Finally, the function describing the test results including cases 
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with both NWC and LWC is described as following: 
0.3 0.441.106u s ck cP A f E       (2.4a) 
For design purpose, the formula is proposed as below: 
0.5u s ck cP A f E       (2.4b) 
where, sA =cross section area of the headed shear stud, mm2; ckf =concrete strength, MPa; 
cE =elastic modulus of concrete, MPa. 
The predictions by Eqn. (2.4a) agreed well with the test ones. Eqn. (2.4b) is finally 
adopted in ANSI/AISC 360-05.  
Oehlers and Johnson (1987) proposed another formula to calculate the shear strength of 
the headed shear stud connector that considered the relative stiffness between the steel 
stud and the concrete where they were embedded. The characteristic strength of the shear 







          
     (2.5) 
where, cE in N/mm2; sE in N/mm2; sA =cross sectional area of the stud connector, mm2; 
cuf =cubic compressive strength, N/mm2; ulf = ultimate strength of stud connector, 
N/mm2; 1/24.1K n  ,  n =number of the shear stud in the shear span. 
Hiragi et al. (1989) proposed another formula to calculate the shear strength of the stud 
shear connector, which is 
 31 / 10,000u s ckP A H d f       (2.6) 
where, the units in N, mm; H = height of the shear connector, mm; sA =cross sectional 
area of the stud connector, mm2; ckf  =concrete compressive strength, N/ mm2. 
In Eurocode 4 (1992), the shear strength of the connectors was governed by the lesser of 
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the shear strength of the steel shank and concrete bearing capacity. Shear strength of the 
headed shear stud connectors is specified as 
 20.8 / 4 /u u vP f d for shank shear    (2.7a) 
20.29 /u ck c vP d f E for concrete bearing    (2.7b) 
where, uf =ultimate strength of connector, N/ mm2; d =stud diameter, mm; ckf =concrete 
compressive strength, N/ mm2; cE =concrete modulus, N/mm2; v  = partial safety factor 
(=1.25);  =0.2(H/d+1) for 3≤ H/d ≤ 4,    =1 for H/d >1; H =stud height, mm. 
In ANSI/AISC 360-05 (ANSI/AISC, 2005), the shear strength of the headed shear stud 
connector used in the sandwich structure is governed by the following equation: 
 0.5u s ck c g p s uP A f E R R A f      (2.8) 
where, ckf  in N/mm2; cE  in N/mm2; sA  in mm2; uf  in N/mm2; gR and pR are the 
coefficients considering the influences of the decking shapes and the locations of the 
connectors that can be referred to ANSI/AISC 360-05.  
Similar design formula was adopted in AASHTO LRFD (2004) as in ANSI. The formula 
is the same but with a more conservative safety factor. The formula is specified as 
following: 
0.5u s ck c s uP A f E A f        (2.9) 
where,  = 0.85 (resistance factor of shear connector). 
More recently, Xue et al. (2008) had carried out push-out tests on 36 specimens to 
investigate the shear strength of headed shear stud connectors. The investigated 
parameters were stud diameter and height, concrete strength, stud welding technique, 
transverse reinforcement, and steel beam type where the studs were welded to. Based on 
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the test results, a design formula was proposed based on the regression analysis of the 
push-out test results. The design formula is 
0.4 0.2
3 c cuu s u
s u
E fP A f
E f
                 (2.10) 
where,   =coefficient of influence of stud height-to-diameter ratio and specified as 
follows: 
 6 / 1.05 / 5
1 5 / 7
/ 6 / 7
H d for H d
for H d
H d for H d

     
 
From the above review on the shear strength of the connectors, several observations are 
summarized as below: 
   1) All these proposed formulae were based on the regression analysis on the push-out 
test results; 2) The tested specimens were designed with either NWC or LWC; 3) All the 
proposed formulae were mainly developed for the headed shear stud connectors. 
2.4.2  Description on shear load-slip curves 
During the working state, interfacial slip would take place when the connectors were 
subjected to shear forces. This interfacial slip was caused by the shear deformation of the 
lower shank as well as crushing of the concrete surrounding the connectors. For the 
connectors failed in the shanks shear rather than concrete splitting, the slip capacity 
usually exceeded 5 mm (Viest et al., 1997). In EC4, this slip is specified at least 6 mm 
that can make sure the shear connectors exhibiting a ductile behavior.  
Buttry (1965) had proposed a formula to describe the load-slip behavior of the headed 





      (2.11) 
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where, P =applied shear load, in kN; uP  = ultimate shear strength in kN; S =slip 
corresponding to load P, in m or inch. 
Eqn. (2.11) was used and cited by Ollgaard et al. (1971). Moreover, Ollgaard et al. (1971) 
also proposed empirical formula to describe the load-slip behaviors of the connectors in 
continuously loaded specimens. The formula is 
   0.4 0.418 0.709/ 1 in inch; / 1 in mmS Su uP P e S or P P e S             (2.12a) 
An and Cederwall (1996) carried out push-out tests on stud connectors embedded in both 
normal weight concrete and high strength concrete. Based on the test results, expressions 














     for HSC   (2.13b) 
where, S= slip corresponding to load, mm; P=load at slip S, kN. 
It was also observed from the previous research that load-slip curves of specimens with 
different grades of concrete and stud connector were identical and agreed well with the 
predicted ones by empirical formula obtained from the regression analysis (Gattesco and 
Giuriani, 1998; Aribert, 1990 ), which is  
 // 1 SuP P e S           (2.14a) 
where,  = 0.97,  = 1.3 mm -1,  =0.0045 mm-1.  
Johnson and Molenstra (1991) also used an exponential function to describe the load-slip 
behaviors of the stud shear connectors used in analysis of the partial composite beams. 
The formula describing the load-slip relationships is  
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 // 1 SuP P e          (2.14b) 
where,  = 0.558 and   = 1.0 mm  or   = 0.989 and   = 1.535 mm.  
Lorenc and Kubica (2006) proposed one model that was based on their push-out test 
results. Their model was then used in the analysis of the SCS sandwich beams with that 
investigated stud connectors. Their proposed model to describe load-slip curves of the 
stud connector is 
 0.30.55/ 1 SuP P e       (2.14c) 
Xue et al. (2008) carried out 30 push-out tests on stud connectors embedded in the normal 
weight concrete. Based on these test results, a formula was proposed through the 




       (2.15) 
where, S= relative slip between the steel and core concrete, mm. 
From the above review, many proposed functions are available to describe load-slip 
behaviors of the stud connectors embedded in normal weight concrete and high strength 
concrete (HSC). However, there are all mainly developed for the headed shear stud 
connectors. Other forms of connectors are merely investigated. Another limitation is the 
core concrete where the connectors are embedded. Most of them are normal weight 
concrete. Only a few push-out tests have been carried out on specimens with HSC. For 
investigations on specimens with lightweight concrete are still quite limited. The most 
important limitation addressed is that all these formulae are empirical ones and only 
limited to their tested samples. 
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2.4.3  Tensile capacity of the mechanical shear connectors (or pull-out strength) 
For SCS sandwich structures, the mechanical shear connectors were also used to resist 
uplifting of the surface skin, prevent local buckling and provide the cross sectional shear 
resistance. Therefore, the tensile capacity of the headed shear studs becomes essential on 
cross sectional shear resistance of the sandwich composite structure. In some application 
scenarios such as infill shear walls, nuclear towers, slab-column connections, tensile 
capacity of the connector would become critical to the strength of the structure.  
Tensile capacity of the stud connectors have been extensively studied, but only limited to 
the headed stud anchorages. It was observed that the tensile capacity of the anchor was 
governed by minor value of several strengths corresponding to different failure modes. As 
specified in ACI 318, the failure modes occurred to the anchorage embedded in the 
concrete were steel tensile fracture of the connector, pullout of the connector, concrete 
breakout, side-face blowout and concrete splitting (shown in Fig. 2.8). For the hook 
shaped connectors, one possible failure mode was hook straightening that should not 
occur to the headed stud anchorage.  
Steel failure of the connector is a type of ductile failure that fails in steel tension fracture. 
Pullout failure usually occurs to the expansion anchors, post-installed anchors or undercut 
anchors that are caused by sliding out concrete from the fastening device or parts of them 
from the concrete (pullout) or by pulling out a much smaller cone of concrete than the 
fully developed, a substantial cone of concrete occurred in the breakout failure.  Breakout 
failure is a type of failure that failed in concrete tension.  This type of failure is brittle and 
occurred prior to the yielding of the steel connector. Reflected on the load-slip curve, it is 
characterized by a sudden drop after achieving the peak load carrying capacity. Side-face 
blowout is a breakout failure mode disturbed by the edge effect. This failure probably 
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occurs to the connectors located near the edge or connectors installed in the thin side 
cover where the fully developed breakout cone surface cannot be accomplished and 
influenced by the side surface. Concrete splitting failure mode is also a type of brittle 
failure mode that occurs prior to the maturely inelastic strains developed in the steel 
connectors. 
The strength of the concrete breakout was studied by Fuchs et al. (1995), and Shirvani et 
al. (2004). Structural behaviors and design considerations on headed stud anchors were 
investigated by Klingner and Mendonca (1982), Mendonca (1982), Lych and Burdette 
(1991), Cook et al. (1992), Steinberg (1999), and Zamora et al. (2003). Considering the 
working state of the anchors in the cracked concrete, this influence was investigated by 
Eligehausen and Balogh (1995). Influence of the partial failure surfaces on the tensile 
capacity of the anchor was studied by Farrow and Klingner (1995). The influence of the 
concrete on the pullout strength of the headed anchor was investigated by Qian and Li 
(2009). Tensile strength of the anchors with cohesive bonding was studied by Cook et al. 
(1998), and Eligehausen et al. (2006). Moreover, the pullout strength of the channel 
anchors was studied by Powell et al. (1991). More recently, the steel, PVA or PP fibers 
were added in the concrete to improve the material behaviors especially the tensile 
strength. Anchors embedded in the concrete with steel fibers were studied by Hama et al. 
(2011). The tension and its interaction between the tension and shear has been studied by 
Pallares and Hajjar (2010).  
There are also several design codes available for calculating the tensile strength of the 
connectors including headed shear studs and other forms of connector such as hook 
connectors, cast-in and post-installed bolts (ACI 318, 2008; ACI 349, 1990; PCI, 2006). 
2.4.3.1  Concrete breakout strength 
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There are two main existing philosophies to calculate tensile strength of the concrete 
breakout failure, i.e. 45-degree cone method (shown in Fig. 2.9a) and concrete capacity 
design method (CCD) or four-sided pyramid failure surface method (shown in Fig. 2.9b). 
In the 45-degree cone method, the concrete strength of the pulled out concrete is 
computed based on the assumption of a conical surface with a slope of 45-degree between 
the failure surface and the free concrete surface. The other way is assuming a four-sided 
pyramid failure surface namely concrete capacity design (CCD) method with a constant 
tensile strength of the concrete acting on the failure surface that is similar to the concrete 
cone method.  
2.4.3.1.1  Tensile breakout capacity by 45-degree cone method 
General information for this philosophy on calculating breakout strength of the concrete 
cone is widely specified in CEB (1991) and ACI 349 (2001). ACI 349 deals with nuclear 
structures. Concerning with the nuclear safety, the philosophy of ACI 349 is to achieve 
ductile fasteners. However, the limit to guarantee the ductile fastenings needs to be 
obtained. With this background, the concrete cone method is developed. The 45-degree 
concrete cone method makes an assumption that the connector would pull out a 45-degree 
cone radiating towards the free concrete surface from the bearing edge of the anchor (Fig. 
2.9a). A constant tensile stress-0.96 ckf  (4 ckf  in lb) acts on the failed cone surface.   
For a single tensile anchor, the concrete cone breakout capacity is specified as following 
0 0.96T ck NP f A      (2.16a) 
0 4T ck NP f A lb     (2.16b) 
where,  2 1 /N ef h efA h d h  is the projected area of the cone surface to the free 
concrete surface, mm2 or in2.  
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2.4.3.1.2  Concrete capacity design method (CCD) 
In CCD method, the failure surface is assumed as a four-sided pyramid with a slope of 35° 
between the failure surface and the free surface of the concrete as shown in Fig. 2.9b. 
This philosophy is widely adopted by provisions of PCI 6th Edition and ACI 318 (2008).  
Fuchs et al. (1995) proposed design formula on calculating the tensile strength of the 





TC nc cu s
N
AP k f h
A
      (2.17 a) 
where, 13.5nck  for post-installed fasteners; nck =15.5 for cast-in situ headed studs and 
headed anchor bolts; 'cuf  =concrete strength, in N/mm
2; efh =stud height, mm; 0NA
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    
    
However, if the cylinder compression strength (measured on 150x300 mm cylinder) 
was used, nck  became 16.5 (Cook et al., 1998). 
In ACI 318, the breakout strength of the concrete four-sided pyramid is specified as 
following 





AP k f h
A
       (2.17b) 
where,  1 '
1 1
1 2 / 3N efe h
    the modification factor for eccentrically loaded anchor 
groups; 2  is specified as in Eqn. 2.17(a);     3 1.25   for cast-in anchor; 3 1.4   for 
post-installed anchor;  10.1k   for cast-in anchors; and 7.1k   for post-installed anchors. 
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In PCI 6th Edition (2004), similar design method is used. Strength of concrete breakout 
capacity is calculated by 
1.5
0
12.53NTC crb ed ck s
N
AP C f h
A
     (2.17c) 
where, crbC =1.0 for concrete assumed uncracked (most common); crbC =0.8 for locations 
likely to become cracked; crbC is the cracking factor. ed is similar to  2  as specified in 
Eqn. (2.17b). 
A theoretical model on tensile breakout capacity, based on the linear elastic fracture 
mechanics where the failure criterion is governed by the energy consumed per unit crack 
length increment, was proposed by Bazant (1984), and Eligehausen and Ozbolt (1992). 











       (2.17d) 
where, 1k =2.93 for undercut and cast-in-place anchors, and 2.66 for wedge and sleeve-
type expansion anchors.  
2.4.3.2  Tensile strength of the connector 
Tensile strength of the shank of the connectors is much easier to determine. In PCI 6th 
Edition, the tensile strength of the steel connectors failed in steel tension is specified as 
TS se utP A f      (2.18a) 
where,   is the reduction factor of the steel; 0.75   for connectors under tension, utf
=specified tensile strength of the stud steel material. 
In ACI 318, the tensile strength of the steel material is governed by 
TS se utP A f      (2.18b) 
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where, utf = the smaller of 1.9 yf  and 862 MPa (or 125000 psi).  
2.4.3.3  Pullout strength of the connector and hook straighten strength 
2.4.3.3.1 Hook straighten strength 
Another critical scenario is that the hook maybe straightened if the confinement of the 
surrounding concrete cannot provide sufficient anchorage but can prevent breakout failure 
when the connectors are under tension. In that case, the strength of the hook straightening 
should be checked. 
In ACI 318, the pullout strength in tension of a single hook bolt should not exceed: 
40.9Th ck hP f e d      (2.19a) 
where, 4 =1.4 for an anchor located in a region of a concrete member where analysis 
indicates no cracking; otherwise, 4 =1.0. he =the distance from the inner shaft of a J- or 
L-bolt to the outer tip of the J- or L-bolt, and 3 4.5hd e d  . 
Similarly, in PCI the hook straightening strength is  
1 .26Th ck h crpP f e dC     (2.19b) 
where, crpC  is the cracking coefficient, and 1.0crpC   for uncracked concrete, 0.7crpC 
for locations likely to become cracked. 
2.4.3.3.2 Pullout strength of the headed stud connectors 
The pullout strength for the headed stud connectors or headed bolts fails due to local 
compression failure of the concrete in the vicinity of the head where the tension force is 
taken by the connector. In ACI 318 (2008), this pullout strength is specified as below 
8Th brg ckP A f      (2.19c) 
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where, brgA =bearing area of the head of stud or anchor bolt, mm
2; ckf =specified 
compressive strength of concrete, MPa. 
From the above review, it can be observed that design formulae are available to calculate 
the tensile strength of the anchors and connectors embedded in normal weight and 
lightweight concrete. The failure modes and corresponding strengths are reviewed and 
summarized. However, these developed formulae are mainly developed for the headed 
stud anchors in the concrete. For the tensile strength of a pair of directly interlocked J-
hook connectors, there are still few literatures in the public domain. 
2.4.4  Strength of the SCS sandwich composite beams 
The principle used for analyzing the strength of the SCS sandwich composite beams is 
similar to the reinforced concrete structure. Truss and tie model was used for the analysis 
of Bi-steel beams subjected to concentrated loading by Xie et al. (2006, 2007). 
Illustrations on the strut and tie model is shown in Fig. 2.10. The connectors act as the 
tension tie whist the concrete core acts as the compression strut. 
Another method was used for ‘Double skin’ structures by Roberts et al. (1995), 
Narayanan et al. (1997). The moment resistance and shear resistance are shown as below. 
2.4.4.1 Moment resistance 
The moment resistance of the SCS sandwich composite beam is calculated based on the 
following assumptions: 1) A rectangular stress block with a depth of 0.9x for the concrete 
2) Tensile strength of the concrete is neglected; 3) The forces acting in the compression 
or tension steel plates are depended on the lesser of the yield strength and the force 
transferred from the connectors embedded in the concrete.  
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The stress block and the forces in different components of the beam are shown in Fig. 
2.11. 
The compressive force in the compression steel plate is 
, ,m in ( / , )C R d sc ysc a c c R dN A f n P    (2.20a) 
The compressive force in the tension steel plate is 
, ,m in ( / , )t R d s t y s t a t t R dN A f n P    (2.20b) 
The compressive force in the concrete block is 
 , 0.45 0.9cu Rd cuN f b x      (2.20c) 
where, cn  and tn  =number of connectors attached to the compression and tension steel 
plate, respectively; ,t RdP  and ,c RdP  =design shear strength of the connectors in tension 
and compression region of the section, respectively; yscf  and ystf  =characteristic strength 
of the compression and tension plates, respectively. 
The distance from the upper compression fiber to the neutral axis x  can be obtained by 
equating the resultant compression forces equal tension forces acting on the section 
, , ,t R d C R d cu R dN N N       (2.21) 
Submitting Eqn. (2.20) into Eqn. (2.21), the x  will be 





      (2.22) 
Therefore, the moment resistance of the cross section of the beam is 
, , 0.452 2
c t c
Pl t Rd cu Rd
t t tM N h N x               (2.23) 
2.4.4.2 Shear resistance 
Methods on calculating the shear resistance of the section is specified in many design 
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guidelines and textbooks on steel-concrete composite structure (Narayanan et al., 1997; 
Sun, 1998; Oehlers and Braford, 1999; Johnson, 2004; BS 8110, 1985; EC2, 2004; EC4, 
2004).  
The shear resistance of the SCS sandwich beam, usually treated as RC beams, consists of 
shear resistance of the uncracked concrete and aggregate interlock force, dowel action of 
the tension plate, and shear resistance provided by shear connectors (Sun, 1998). 
Therefore, the shear resistance of the cross section of the beams can be calculated by 
c sV V V       (2.24) 
Different equations are available in different design codes to obtain the shear resistance 
cV  and sV . In design guide for steel-concrete-steel sandwich composite construction 






n A ffV Bh
Bs 
     
    (2.25) 
where , 0n =number of the overlapping stud connectors across the beam section; ts  
=longitudinal spacing of the stud connectors, mm;
ysv
A f =Tensile strength of the stud 
connectors acting as the shear reinforcement, N; B= width of the section of the beam, mm. 
Nevertheless, there are also some other design guidelines to calculate those strengths. In 
BS 8110, the shear resistance of the section is specified as 
   1/3 1/4 0.870.79 / 25 400 / / sv ycu c A fV f d Bs     (2.26a) 
where, 240N/mm , 400 mm, 0.03cuf d     and 1.25c  . 
In EC2, the shear resistance of the beam is defined by  
 1/3 10.18 100 /c ck c cp cV k f k Bh         (2.26b) 
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The shear resistance contributed by the shear reinforcement is governed by  
cot /s sv y cV A f h s      (2.26c) 
where, = angle between the concrete crack and the free concrete surface, 1 cot 2.5  ; 
svA =cross section area of the shear reinforcement, mm2; yf =yield strength of  the shear 
reinforcement, N/mm2; S =spacing of the shear reinforcement, mm; 1 cot 2.5 
=height of the section of the beam, mm. 
In ACI 318, the shear resistance of the beams section is specified by 
0.16 17.2 uc ck w c
u
V dV f Bh
M
        (2.27a) 








 , uM occurs simultaneously with uV  at 
section considered.  
The shear strength contributed by the shear reinforcement is calculated by 
/s sv y cV A f h s      (2.27b) 
In the Chinese design-Code for design of concrete structures-GB 50010-2002, the shear 
strength of the cross section is specified 
0.7 1.25 sv yc t c c
A f
V f Bh h
s
     (2.28) 
2.4.5 Strength of SCS sandwich composite plates 
2.4.5.1 Punching shear strength  
The punching shear resistance of the SCS sandwich composite slab equals the nominal 
shear strength multiplied by the area of the critical section. For different design codes, the 
specifications on shear strength and the critical section are different.  
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2.4.5.1.1 Eurocode 2 and CEB-FIP 90 Method 
In EC4, it specified that the punching shear resistance of the steel-concrete composite slab 
should follow the design specifications in EC2. The nominal shear strength for 
calculating punching shear resistance is specified in EC 2 as follows: 
, ,
1
10.75 1.5 sinRd cs Rd c sw ywd
r
dv v A f
s u d
     (2.29a) 
, 1Rd csV v u d        (2.29b) 
where,      1/3, 1 min 10.18/ 100Rd c c ck cp cpv k f k v k       ; 2001 2.0k d    d in mm;   
 0.02x y    ; x  and y  are the ratio of flexural reinforcement in the slab; 
  / 2cp x y    ; x  and y  are the normal concrete stress in the critical section in x and 










  . EdxN , EdyN  are 
longitudinal forces in x, y direction in the slab;  =the angle between the shear 
reinforcement and the plane of the slab; rs =the spacing of the radial spacing of 
perimeters of shear reinforcement, mm; d  = the effective depth of the slab, mm; 1u  = 
control perimeter of the critical section, in mm; sw ywdA f = yield strength of the shear 
reinforcement.  The control perimeter is shown in Fig. 2.12. 
2.4.5.1.2 ACI 318-05 method 
In ACI 318-05, the punching shear resistance of the slab is governed by  
c sv v v        (2.30) 
cv  is the lesser of the minimum value of the following three strengths 
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    
   (2.31a) 
0.083 2c s ck
dv f
u
         (2.31b) 
0.33c ckv f      (2.31c) 
where,  c =ratio of longer to shorter dimension of the loaded area; = factor to account 
for concrete density (1.0 for normal density concrete); s = 40 for interior columns, 30 for 
edge columns, 20 for corner columns;  =0.75 partial safety factor for shear; u = 
perimeter of the control section, in mm; ckf  in MPa. 






       (2.32) 
where, s= the spacing of the shear reinforcement; u=critical perimeter. 
Therefore, the punching shear resistance of the slab will be 
 V vud      (2.33) 
u = the critical perimeter specified in Fig. 2.12, mm. 
2.4.5.1.3 CSA A23.3-2004 
The concrete shear strength is specified as the minimum value of the following three 
strengths 
20.19 1c c ck
c
v f
    
    (2.34a) 
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0.19c s c ck
dv f
u
         (2.34b) 
0.38c c ckv f      (2.34c) 
Equations used to calculate the punching shear strength of the slab are similar to Eqns. 
(2.30), (2.32) and (2.33). The perimeter of the critical is the same as specified in the ACI 
318-05 as shown in Fig. 2.12.  
2.4.5.2  Flexural strength of SCS sandwich composite plate 
The design procedures of designing steel-concrete sandwich system can be found in EC4 
(2004) and design textbook by Johnson (2004). The flexural strength of this type of 
structure has been also studied by Solomn (1976), Ong et al. (1982), Oehelers and 
Braford (1999), Kumar (2000), and Sohel and Liew (2011). Among them, the Yield Line 
Method was widely used to calculate the load carrying capacity of the RC slabs, steel-
concrete sandwich plates, and SCS sandwich plates.  
2.4.5.2.1 Yield-Line Method 
This method includes two steps to calculate the load carrying capacity of the SCS 
sandwich plates. The first step is to calculate the moment capacities of the section 
including both sagging and hogging moment capacity per unit length. In the second step, 
the yield line patter developed in the SCS sandwich plates is firstly assumed. Then, based 
on the assumed pattern, the load carrying capacity of the SCS sandwich plate will be 
calculated. 
2.4.5.2.2 Calculating bending moment capacity of the plate 
The moment carrying capacity of the SCS sandwich plate is similar to the strength of SCS 
sandwich beams as introduced in section 2.4.2.  
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Firstly, the longitudinal shear strength of the mechanical shear connectors need to be 
calculated by Eqns. (2.1)~(2.9). Secondly, based on the calculated shear strength of the 
connectors and quantity of the provided shear connectors, the moment capacity per unit 
length can be calculated by the following procedures: 
1) The spacing between two neighbored rows of connectors welded to the top and 
bottom steel plates are denoted as TxS  and B xS  in x direction, TyS  and B yS in y direction, 
respectively. For each strip of steel plate with a width equal to the spacing of the 
connectors as shown in Fig. 2.13, the tension or compression forces in the corresponding 
steel plates will be governed by the following two items: 




uTx Tx u c Rd
n
N S f t P
    
    (2.35a) 




uBx Bx u t Rd
n
N S f t P
    
    (2.35b) 
where, tyn , Byn = quantity of the connectors attached to the top and bottom steel plate in 
the whole span along the y direction; RdP = shear strength by Eqns. (2.1)~(2.9);  
Therefore, the unit compression and tension force in the top and bottom steel plates are 




uTx Tx y c Rd Tx
n
N S f t P S
    
    (2.36a) 
2) Average unit tension force in the bottom steel plate is 
Chapter 2 Literature Review 
 
  ‐ 47 - 
 
 min , /
2
By
uBx Bx y t Rd Bx
n
N S f t P S
    
    (2.36b) 
The average forces acted on per unit width of the plate are as shown in Fig. 2.14. Average 
unit compression force in the concrete stress block is different in different design codes. 
In EC 2, this force can be calculated by 
   uCx ckN x f       (2.36c) 
where,     
0.8, 1.0 50




f f for f MPa
 
 
          
 
By equating the compression force to the tension force, it gives 
uBx uCx uTxN N N       (2.37) 





      (2.38) 
Therefore, the unit moment capacity along x direction is 
2 2
t c c
x uBx c uCx
t t tM N h N x                 (2.39) 
By the same method, the unit moment capacity yM  can be developed.  
2.4.5.2.3 Yield line method analyses on slabs under concentrated load 
They are two patterns of yield line for the slabs subjected to a concentrated load. The first 
type is Fan mechanism or radial yield line method whilst the second type is diagonal yield 
line method (as shown in Fig. 2.15). The yield line method was used to analyze the plates 
and slabs (Bræstrup, 1970). This theory was widely used in the design of the RC concrete 
structures (Megson, 2005). Later, Kumar (2000) applied this model in the analysis of 
SCS sandwich plates with headed stud connectors.  
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2.4.5.2.4 Flexural strength based on radial yield line method 
The assumed yield lines developed in the SCS sandwich plates are shown in Fig. 2.15. It 
was assumed that the plate would yield in a circle section with a radius ‘R’ away from the 
point that the load was applied. The radial yield lines were developed in the yielding 
circle. A segment was taken out and the internal reaction moment forces are shown in Fig. 
2.15. The reaction radial moment per unit length rm  acted along the radius of the yield 
circle while the cm acted along the circumferential direction.  
By taking moment on the c-c axis and based on the yield-line theory, the external energy 
would equal internal energy that acted on this sector segment. We can obtain 
External applied energy= Internal Energy
 
2r c
m r m r P r             
Therefore, the applied load can be obtained as following 
 2 c rP m m      (2.40) 
where, cm  and  rm  are the moment resistance per unit length along the circumferential 
and radial direction, respectively. cm  and  rm  can be calculated by Eqn. (2.39). 
2.4.5.2.5 Flexural strength based on diagonal yield line method 
The second pattern of yield line in the SCS sandwich plates with simple support is shown 
in Fig. 2.15. The diagonal yield lines were assumed that developed in the sandwich plates 
linking the corner and the load point. The triangular segment was also taken out and the 
internal acting moments are shown in Fig. 2.15.  
Following the same principle used for the radial yield line method, taking moment about 
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the simply-supported edge, it gives 
4 2u
P Lm L    
Therefore, the applied concentrated load can be solved. The solution is 
8 uP m      (2.41) 
where, um can be calculated by Eqn. (2.39). 
Moreover, Rankin and Long (1987) proposed a formula to calculate the RC concrete plate 
subjected to the concentrated loading. Sohel and Liew (2011) modified this model and 
apply it in analysis of the SCS sandwich composite plates with J-hook connectors. This 




          (2.42) 
where, c is the side length of the loading area; sL is the dimension of the slab specimen; 
L is the span between the supports. 
2.4.6 Punching shear strength of concrete shell 
Birdy et al. (1985) tested nine concrete shells subjected to concentrated loading. For the 
prediction of the punching shear strength of these shells, three models namely slab-shear 
model, modified slab-shear model and beam shear model were applied in using different 
design codes i.e. ACI 318-77, CEB-FIP, DNV, and CP 110. All the shells were treated as 
the flat RC slabs when calculating the ultimate punching shear strength. From the 
comparative studies between the test results and the predictions by these design codes, 
beam shear model gave the best but least conservative predictions. There were no 
formulae proposed for the punching shear strength of the concrete shells. Mclean et al. 
(1990) investigated punching shear behavior of six lightweight concrete shells. All these 
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concrete sandwich shells were subjected to the concentrated loading. One observation 
confirmed from their experimental studies was that the curvature did increase the 
punching shear strength. However, the increasing rate of this strength decreased as the 
high rise of the shell increased. Another common observation by Birdy and Bhula (1985) 
and Mclean et al. (1990) was that the introduced shear reinforcements significantly 
increased the punching shear resistance. This could be explained by the introduced shear 
reinforcements deterred the development of the cracks and they linked the developed 
cracks in the concrete shell, which further increased the punching shear resistance of the 
concrete shell. Sabnis and Shadid (1994) summarized the experimental results of McLean 
(1987), Shadid et al. (1991), and Shadid (1992) and carried out regression analysis on 
these test results. Based on the regression analysis, design formulae were proposed to 
calculate punching shear strength of the concrete shells under square or circular loading 
areas. These proposed design formulae adopted an exponential form as follows 
a b c d e
ckP k R t A f     
 
where, k=constant; a, b, c, d, e are the indexes; R=radius of the shell; t=thickness of the 
shell; A= size of the loaded area;  =amount of flexural reinforcement ratio.  
Finally, the formulae were obtained through carrying out the regression analysis on these 
above mentioned test results and listed as below 
1) For a circular loaded area 
0.010.054 sin 10ckP R t f
         (2.43a) 
2) For a square loaded area 
0.010.059 sin 10ckP R t f
         (2.43b) 
3) For shells without shear reinforcement,  
0.014 sin ckP R t f          (2.43c) 
Chapter 2 Literature Review 
 
  ‐ 51 - 
 
where, R=Radius of the inner shell, in; t=thickness of the shell, in; ckf =compressive 
strength of concrete, psi;  = angle of the length of the loaded area (shown in Fig. 2.18).  
2.4.7 Strength of SCS sandwich shell without shear connectors 
Due to limited literature in the public domain, only one reference was found related to 
this topic. The SCS sandwich shells without shear connectors were studied by Shukry 
(1986). Later, another journal paper summarized research work and published in 1991 
(Shukry and Goode, 1990). There were totally 36 sandwich shells were tested to 
concentrated loads. The investigated parameters were thickness of the steel surface skins, 
size of the loading area, concrete type and strength, the shell radius and total wall 
thickness of the shell. Experimental strengths of these SCS sandwich shells were 
compared prediction by BS8110-85, ACI 318-83 and CEB-FIP. Through the comparisons, 
it was observed that the ACI 318-83 gave the most conservative predictions whilst BS 
8110-85 offered the least ones. Those three used formulae are listed below 




where 0.79 400 / / 25
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    
  


















    

   
      (2.44c) 
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2.5  Finite element (FE) analysis on SCS sandwich structure 
 FE analysis has been developed rapidly during the last thirty years. There are many types 
of commercial FE software that have been developed and available on the market. The FE 
analysis on SCS sandwich structure had been carried out by Shukry (1986), Kumar 
(2000), and Sohel (2008). 
 Shukry (1986) carried out analysis on SCS sandwich structure without shear connectors. 
A program was developed to analyze the SCS sandwich shells subjected to localized 
loading and external pressure. Due to the limitation of the developments of both PC 
technology and FE software, just fairly satisfactory predictions were given. The FE 
results showed much larger stiffness compared with the test ones. However, this model 
only deals with cases without shear connectors. 
 Kumar (2000) carried out a series of static tests on SCS sandwich plates with the headed 
shear studs. After the test, a FE model using commercial software ABAQUS was 
proposed as shown in Fig. 2.16 (Shanmugam et al., 2002). Several assumptions and 
simplifications were made to simplify the structure, which are:  
1) Assuming perfect bonding between the steel face plates and the core concrete; 2) 
the core concrete with the headed shear stud connectors were simplified to one material-
anisotropic material that combines the mechanical behaviors of the core and the stud. 
This model was verified against the test results and showed good agreements. Though this 
model showed good agreements, it cannot reflect internal interaction between the 
connectors and core concrete. 
FE analysis on SCS sandwich composite structures subjected to impact loading had been 
carried out by Sohel (2008). The J-hook connector with complex geometries in the SCS 
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sandwich plates was simplified into two regular studs as shown in Fig. 2.17(a). This 
simplification greatly reduced the complexity of modeling and quantities of elements that 
were integrated in the final stiffness matrix of the structure. The proposed FE model is 
shown in Fig. 2.17(b). Through verifications against the experimental results, it can be 
observed this model exhibits good predictions on ultimate strength as well as failure 
modes of the structure. However, this model is only verified with limited impact 
experimental studies. For the specimens under static loading, it needs further verifications.  
2.6 Summary of observations from the literature review 
From the literature review, it can be observed that the SCS sandwich composite structures 
with mechanical shear connectors improves structural performances especially the cross 
sectional shear resistance. Many types of mechanical connectors have been developed and 
applied in the SCS sandwich composite structures. Advantages as well as limitations of 
each type of connectors were discussed and compared.  
In order to develop design guides on these SCS sandwich composite structures, 
researches on these structures under different loading cases had been carried out. As the 
fundamental strength of the SCS sandwich structure, strengths of connectors, including 
longitudinal shear strength and normal tensile strength, have been widely studied by 
many researchers. Most of the experimental works and the proposed design formulae 
were mainly developed for the headed shear stud connector. The strengths of the J-hook 
connectors have not been systematically studied. These strengths including shear strength 
and tensile strength are key elements to calculate the strength of the SCS sandwich 
composite structures with J-hook shear connectors such as bending moment capacity and 
cross sectional shear capacity.  
SCS sandwich composite shells are the curved form of the SCS sandwich composite 
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plates. Before investigating strength of these shells, the strength of the sandwich plates 
should be investigated. From the review, it can be observed that all these SCS sandwich 
beams or plates were treated as the RC structure and the corresponding strengths had been 
developed based on this assumption. These research works provided useful means to 
analyze structural performances of the SCS sandwich composite beams and plates.  
There are few literatures for the SCS sandwich composite shell structures with 
mechanical shear connectors. Some researches on the concrete shell have been reviewed. 
From these experimental studies, it was observed the curvature did have benefits on 
improving the ultimate punching shear strength. However, this influence in the SCS 
sandwich structures with connectors has not been studied. Only some experimental works 
SCS sandwich structures without shear connectors had been observed. Additionally, these 
tested SCS sandwich shell specimens were designed with only 20 mm thick and the size 
effect of the material might influence the test results. There are still quite limited 
literatures on the structural behaviors of the SCS sandwich shells under local loading. 
The ULCC used in this thesis is a quite new material. From the review, it can be found 
that most of the design guidelines are empirical ones based on the regression analysis on 
experimental results. If new types of material and new forms of the connectors introduced 
into the SCS sandwich structures, their structural behavior should be investigated and the 
applicability of these guidelines needs to be examined.   
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Fig. 2.1 Double skin SCS sandwich composite structure (Wright and Oduyemi, 1991) 
 
 








Fig. 2.3 Bi-steel structure 
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(a) Oscillating perfobond strip   (b) Continuous perfobond strip  (c) Waveform strip 
 
(d) T-shape connector  (e) Hilti HVB connector (f) Profiled shear connector 
 
(g) Rigid shear connectors (with hoops) 














Fig. 2.5 Test set-up of shells under concentrated loading (Birdy et al., 1985) 
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 (a) Test set-up of the concrete plates (b) Test set-up of the concrete shell 
 
 (c) Dimension of the specimens 











Fig. 2.7 Test set-up of the SCS sandwich shells (Shukry, 1986) 
 
       (a)   (b)         (c)   (d)       (e) 
Fig. 2.8 Failure modes of for anchors under tension force (a) Steel failure; (b) Pullout 
failure; (c) Concrete breakout failure;  (d) Side-face blowout ; (e) Concrete splitting (ACI 
318-08, 2008) 
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(a) Conical failure surface  (b) Four-sided pyramid failure surface 
Fig. 2.9 Design philosophies on concrete breakout strength (Pallarés and Hajjar, 2010). 
 
(a) Truss model for a bi-steel beam 
 
(b) Equivalent section    (c) Cross section of truss members 











Fig. 2.11  Stress block and the resultant force in the section 
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Control Perimeter in ACI 318-05
















Control Perimeter in EC2  



























Fig. 2.13 Stress block and the resultant force in the section 
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Radial Yield Line Pattern









Fig. 2.15 Yield line analysis method for SCS sandwich composite plate 
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Fig. 2.16 FE model used for SCS sandwich plates (Shanmugam, 2002) 
 
 (a) J-hook connector and Simplified model used in the FE analysis (Sohel, 2008) 
 
 (b) FE model for the impact tests on SCS plate with J-hook connector 
Fig. 2.17 FE model used for SCS sandwich plate with J-hook connector (Sohel, 2008) 
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Fig. 2.18 Illustration of the parameters of the concrete shells 
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CHAPTER 3  NOVEL SHEAR CONNECTORS FOR 
SCS SANDWICH COMPOSITE STRUCTURES 
3.1 Introduction 
Shear connectors, playing an important role in SCS sandwich composite structures, not 
only transfer interfacial shear forces to achieve composite actions but also links shear 
cracks in the core material to provide vertical shear resistance. From the literatures review, 
it can be observed that there were many kinds of connectors for the SCS sandwich 
structures. These connectors were widely used in the sandwich beams and plates (Roberts 
et al, 1995, 1996; Aida, 2004; Xie, 2004). However, there were also still some limitations 
accompanied for these types of connectors either in costing, thickness or applications.  
The main objective of this thesis is to develop a kind of SCS sandwich shell structure 
with shear connectors. However, it can also be observed that there were quite few 
literatures on this topic. Traditional measures to enhance vertical shear resistance are 
introducing shear reinforcements, stirrups, and shear links (such as bolts, connectors etc.). 
For SCS sandwich structures especially for the curved SCS sandwich plates, introducing 
the mechanical connectors is a good choice to increase cross sectional shear strength.  
In this chapter, an innovative study is firstly carried out to develop new types of shear 
connectors for SCS sandwich composite structures. Concepts of several new types of 
mechanical connectors are proposed. Among them, several representative connectors are 
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chosen for the prototype tests. Beams with the selected connectors are then tested. 
Through the comparisons among the test results of these prototype beams, bond 
effectiveness of the connectors is investigated. Based on these observations, suitable 
shear connectors are recommended for the SCS sandwich shell structures. 
3.2 Types of connectors 
Mechanical shear connectors used in the SCS sandwich composite structure needs to meet 
the following requirements; 
1) Provide effective bond between the steel face plates and the core material. This 
requires the connectors to transfer the longitudinal shear force at the interface between the 
steel and concrete. This longitudinal shear will be taken by the shear connectors and the 
core concrete that the connectors are embedded in; 2) Provide vertical shear resistance. 
Similar to the shear reinforcements in the reinforced concrete structure, mechanical shear 
connectors crossing the diagonal shear cracks and thus provide the cross shear resistances; 
3) Provide interface slipping resistance between the concrete and steel face plates. This 
slip requirement is specified in the EC4 as 6mm. This slip capacity promises the ductility 
of SCS sandwich members; 4) Provide uplift and local buckling resistance of the 
compression steel plate. In compression zone of the SCS sandwich member, the steel face 
plates are under compression. By introducing shear connectors can reduce the effective 
compression length of the steel plates, which can effectively prevent the local buckling 
problems of the steel face plates; 5) Facilitate fabrication and construction of the member; 
6) Consider the cost.  
To meet the above requirements on the connectors, several steel components such as steel 
angle, I-beam, T beam, and ‘U’ shape connector are used as the mechanical connectors to 
achieve composite action for the SCS sandwich composite structure. These developed 
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connectors are shown in Fig. 3.1. The developed shear connectors are as following: 
1) Angle-steel bar-angle connecting system (ABA), shown in Fig. 3.1(a). This 
connector uses the steel angles to resist interfacial shear forces. All the angles are welded 
to the two steel face plates at interval and locked by a steel bar crossing the holes in these 
angles. Thus, this system not only provides interfacial shear resistance, but also provides 
pull-out resistances that finally contribute to the cross sectional shear resistance.  
2) Angle-I beam-Angle connecting system (AIA). Similar to the ABA connecting 
system, angles in pairs are firstly welded to the top and bottom steel face plates. The 
overlapped flanges of the I-beams and angles will be confined by the surrounding 
concrete, which provides pullout resistance. The angle connectors provide the interfacial 
shear resistance to achieve composite action (shown in Fig. 3.1(b)). 
3) Angle-T beam connecting system (AT). In AT connecting system, the angle 
connector and T beam connector are welded to two exterior steel face plates respectively. 
The flange of the angle directly overlaps the flange of the T beam and interlocks each 
other to provide pullout resistance (shown in Fig. 3.1(c)). Interfacial shear forces along 
the top and bottom interfaces are taken by the T beam and angles, respectively.  
4) Angle-steel hoop-angle connecting system (AHA). With the same working 
principle as the connecting system AIA, the steel hoops are used to link the top and 
bottom angle connectors welded to the two different exterior steel face plates (as shown 
in Fig. 3.1(d)). The steel hoops act as the shear reinforcements to provide shear forces and 
prevent uplifting of the face plate. 
5) Angle-C channel-angle connecting system (ACA) (Shown in Fig. 3.1(e)). Similar 
as connecting system AHA and AIA, the only different part is the linking C channel that 
is used to replace the steel hoops in ACA and I-beam in AIA connecting system. 
6) U connector-steel bar- U connector (USU). The fabrication procedures of this 
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connector are: (1) firstly, the normal steel bar is bent into the ‘U’ shape to make the 
connector; (2) then, weld ‘U’ connectors to top and bottom plates by intervals; (3) straight 
steel bars are inserted into the holes to lock them together. USU is shown in Fig. 3.1(f). 
7) U connector-cable-U connector (UCU). Most of the components in the UCU are 
similar to those in USU except using the steel cables instead of the steel bar in USU. The 
steel cable is more flexible and suitable to be used in the SCS sandwich structures 
especially in the curved shapes. UCU is shown in Fig. 3.1(g). 
8) Root connector. The concept of the root connector comes from the root of the 
plant by which the trees are firmly fixed on the ground. The cross steel bars are welded to 
the steel face. Root connector is shown in Fig. 3.1(h). 
9) Wave connector-steel bar-wave connector (WBW). The wave connectors made of 
reinforcement are welded to the steel face plates to resist shear force. A steel bar is used 
to lock the wave connector welded to the top and bottom steel plates, respectively. WBW 
is shown in Fig. 3.1(i). 
The advantages and disadvantages of these developed nine types of connectors, headed 
shear studs, connectors used in Bi-steel structure, and J-hook connectors are compared in 
Table 3.1. 
3.3 Prototype testing program 
Since these connecting system have been developed and proposed for SCS sandwich 
structures, it is of interest to learn their bonding effectiveness in the structures. Among 
these developed connectors, the UCU connectors with steel cables exhibit potential 
flexible applications in sandwich structures with different geometries especially in the 
curved SCS sandwich composite structure. Therefore, it was chosen for the prototype 
beam test. Headed stud connectors were also chosen for the test, which are the most 
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widely used connectors in the steel-concrete composite structure. SCS sandwich structure 
with J-hook connectors is a relative new type of structure exhibit good structural 
performances under static, impact and fatigue loadings (Sohel, 2008; Dai, 2008).  
3.3.1 Specimens for the test 
To evaluate the structural performances of sandwich beams with these three types of 
connectors, seven specimens were prepared. These beam tests were used to investigate 
the bonding effectiveness among UCU connectors, J-hook connectors and headed shear 
studs. The seven beams were categorized into two groups with three and four in each 
group, respectively. The first three beams UA, UB and JL1 were prepared to compare the 
structural performances between the J-hook and UCU connectors. The rest four beams B6, 
J6, B7 and J7 were tested to compare the structural performances between the headed 
stud connectors and J-hook connectors.  
Two beams were designed with UCU connectors. The only difference between these two 
beams was the weaving method of the inside steel cables. These two beams were 
prepared to investigate the influence of linking ways of the cables on the strength of the 
beam (shown in Fig. 3.2(a)). Typical fabrication procedures of SCS sandwich beams with 
UCU connecting system are shown in Fig. 3.4. Procedures of fabricating such type of 
beams were: 1) fabricating U connectors by bending normal reinforcement and welding 
them to the steel face plates by the spot welding guns; 2) assembling the top and bottom 
steel plates with the welded connectors and using welded steel bars to hold them in 
position; 3) using steel cables to connect the U connectors on top and bottom steel plates 
one by one and anchoring these cables to the connectors; 4) casting the concrete. 
The same core material and diameter connectors were used in beam UA, UB and JL1. 
Details of JL1 are shown in Fig. 3.2(a). The only difference was that JL1 used J-hook 
Chapter3 Novel Shear Connectors for SCS Sandwich Composite Structures 
 
‐ 68 -   
 
connectors.  
Beams J6, J7 and beams B6, B7 were designed with Ø12 mm J-hook connectors and 
Ø13mm headed shear studs, respectively (shown in Fig. 3.2(b)). Beams J6, J7, B6 and B7 
were grouted with the new concrete mixuture namely ULCC.  The details of these beams 
are listed in Table 3.2. The beams J6 and B6 were designed with a nominal span of 1.1 m 
while J7 and B7 were with a nominal span of 1.6 m. 
3.3.2  Material property 
Material involved in the beam tests are in-filled concrete core material, steel plates used 
as surfaces skins, steel cables used in UCU connecting system, steel reinforcements used 
to fabricate the J-hook connectors, and steel material property of the headed shear studs.   
Concrete: There were totally two types of core material involved in this experimental 
investigation, i.e. lightweight concrete (LWC) for UA, UB, JL1 and ULCC for B6, B7, J6 
and J7. Ordinary Portland cement and expanded clay type of lightweight aggregate (LWA) 
(coarse and fine) with average particle density of 1000 kg/m3 were used to produce the 
lightweight concrete. The maximum size of the LWA was 8 mm. The second type of core 
material was the ultra lightweight concrete (ULCC). Details of these two types of 
materials are given in Chapter 4. The compressive strength of LWC and ULCC were 
obtained from the compression tests on concrete cylinders (Ø100x200 mm) following 
ASTM standard. The material properties, including cylinder compressive strength, elastic 
Young’s modulus, and density are illustrated in Table 3.2.  
Steel cables: To obtain the force-strain relationship of the steel cables used in Beams UA 
and UB, tensile tests were carried out on three cable specimens as shown in Fig. 3.3(a). 
The diameter of the steel cable was 6mm. The average tensile strength of the steel cable 
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was 10.5 kN. Typical load-strain curve of the steel cable is shown in Fig. 3.3(b). From the 
force-strain curve, the force increases almost linearly to the maximum value and then fails 
in ruptures of the cable. 
Connectors and steel plates: As illustrated in the literature review and previous section, 
the J-hook connectors and the ‘U’ connectors were fabricated by bending steel rod bars. 
To obtain the material properties of these reinforcements, tensile tests on the steel bars 
that were used to fabricate these U connectors had been carried out. Besides, tensile tests 
on coupons cut from the steel face plates were also carried out. The properties of these 
connectors and steel plates are given in Table 3.2. The material properties of headed shear 
studs were obtained from the product menu. 
3.3.3 Test setup 
The width and height of all the beams were 200 and 100 mm, respectively. The average 
spacing between of the connectors was 100 mm. All the beams were tested on 28 days 
after casting of the concrete. The beams were simply supported and tested by either one- 
or two-point loading, i.e. they were subjected to three- or four-point bending. For two-
point loading, an I-beam was used to spread the load from the hydraulic actuator.  The 
schematic diagram of lading arrangements is shown in Fig. 3.2. A displacement 
controlled loading was applied through a servo controlled Instron hydraulic actuator with 
a capacity of 500 kN. A low loading rate of 0.25 mm/min was used for the quasi static 
test. All these loading progresses were controlled by a linking PC. Linear varying 
displacement transducers (LVDTs) were installed at different positions (including mid-
span, one and three quarters span) to record the displacements at each loading increments. 
LVDTs were also installed to measure the relative slip between the concrete core and 
steel face plates. Strain gauges were attached on both top and bottom steel face plates to 
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obtain the strains at different loading levels. Before testing, all the beams were preloaded 
several times to fit the support and check the readings of the transducers and strain gauges. 
All the beams were loaded to fail. The applied loads, corresponding deflections and 
strains were recorded during the test. Moreover, cracks in the core concrete were 
observed and marked by a black marker pen. Cameras were also used to take photos of 
deformed shapes of the beams under different loads. The failure modes as well as 
maximum load for every specimen were recorded during the test.  
3.4  Test results 
For each specimen, the test results include load-deflection (at mid span) curves, deformed 
shapes at failure, observed failure modes. The test results of UA, UB and JL1 were used 
to compare the structural performance between UCU connectors and J-hook connectors. 
Test results of beams J6, J7, B6 and B7 were used to compare the effectiveness between 
J-hook and headed shear stud connector.  
3.4.1 Failure modes and ultimate loads 
Ultimate strength and failure modes of the beams are presented in Table 3.3. The shapes 
of the beams before and after testing are shown in Fig. 3.5.  
Three types of failure modes were observed from the test i.e. shear failure mode, flexural 
failure and combined failure. Specimen failed in shear failure mode was characterized by 
diagonal shear cracks developed in the core material from the bottom plate to the vicinity 
of the location of concentrated load. The flexural failure was indicated by yielding of the 
steel face plates and smeared vertical hair cracks developed in the concrete core.  
From Fig. 3.5, it can be observed that beams UA, UB, JL1 failed in shear failure. For 
specimens UA and UB, the shear cracks in the concrete core developed diagonally from 
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the bottom tension fiber of core concrete to the load applied location near the load cell 
with a dilation angle ranging from 25 to 45 degree (shown in Fig. 3.5(c) and (f)). For 
beam JL1, it also failed in shear failure with typical shear cracks developed diagonally 
from the top load cell to the bottom steel face plate (shown in Fig. 3.5(h)). The ultimate 
load carrying capacities of beam UA, UB and JL1 were 59, 54, 56 kN.  
Specimen B7 and J7 failed in typical flexural failure. From Fig. 3.5, vertical cracks can be 
found in the core material. It can be also observed that the stiffness of the B7 and J7 are 
almost the same. Ultimate strengths of B7 and J7 are 128 kN and 122 kN, respectively.  
From Fig. 3.5, it can be seen that B6 and J6 failed in neither typical shear failure that took 
place in UA, UB nor typical flexural failure that took place in B6, J6. It seems that 
combined flexural and shear failure mode occurred to B6 and J6. Hair-like vertical cracks 
were observed in the core concrete while typical diagonal shear cracks was observed in 
the core material linking the load cell to the support. Vertical cracks were observed 
during the early stage of loading application while beam B6 and J6 failed in transparent 
diagonal shear failure at the final stage. Maximum load carrying capacities are 174 kN 
and 165 kN for beams B6 and J6, respectively.  
3.4.2 Load-deflection behaviors 
Deflections of the controlled positions were recorded by the LVDTs. The load-central 
deflection curves for beam UA, UB and JL1 are shown in Fig. 3.6(a) while the curves for 
beams B7, B6, J7 and J6 are shown in Fig. 3.6(b).  
 Load-central deflection curve of beam JL1 exhibited almost linear behavior as the 
deflection was less than 4 mm. After this linear behavior, the curve exhibited parabolic 
relationship up to ultimate load. After achieving the maximum load of 56 kN, the strength 
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of the beam dropped to around 52 kN and maintained this level to the maximum 
deflection. Compared with JL1, curves of beams UA and UB showed lower stiffness in 
the load-deflection curves. This is because the cables were not tensioned at the early stage 
of the loading. As the load increased, the steel cables were gradually tensioned and then 
provided the tensile force that linked the shear crack in the concrete core and thus 
provided cross sectional shear resistance. Finally, the specimens UA and UB failed in the 
fracture of the steel cables. Sudden loss of the strength was observed at the recession 
region of the curve (Fig. 3.6(a)). The zigzag line in the post peak region was caused by 
the fracture progress of the steel fiber component in the steel cables. 
Load-deflection curves for beams J7 and B7 were typical ones for specimens failed in 
flexural failure mode. At the early stage of the loading when the displacement was less 
than 7 mm, the load-deflection curves exhibited almost linear behavior. At this load level, 
the bottom steel plate started to yield. These beams exhibited excellent ductile behavior 
with a little increment in load carrying capacity but a large deformation of the beam. This 
is caused by the yielding of the bottom steel plate.     
Beams J6 and B6 failed in the combined failure mode of typical shear and flexural failure. 
The load-deflection curves increased almost linearly to around 80% of the ultimate load. 
After that, the load almost maintained at a level of around 160 kN with a large 
development of deflection. Finally, the load-deflection curve exhibited a sudden drop due 
to brittle concrete shear failure of the beam section. 
3.5  Analysis and discussion of test results 
The strength of the SCS sandwich beams includes bending moment carrying capacity and 
vertical shear strength of the section. In this chapter, analytical formulae on strength of 
beams with UCU connectors are developed. The design formulae for strength of beam 
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with J-hook connectors and headed shear studs will be detailed illustrated in Chapter 5. 
3.5.1 Analysis on strength of SCS sandwich beams with UCU connectors 
3.5.1.1 Shear strength of ‘U’ connectors 
The strength of U connectors is similar to the headed shear stud connectors except that 
there are two shanks for the U connectors welded to the steel face plate. Therefore, the 
shear capacity of U connectors can be calculated using the Eurocode 4: Part 1-1, but need 
to be modified.  
Based on the shear strength formulae for headed shear stud connectors, shear strength of 
the U connectors are governed by the minor of the following two strengths: 
2 2
2 0.8 1.6
4 4U us us
d dP f f                (3.1a) 
2 22 0.29 0.58U ck ck ck ckP d f E d f E       (3.1b) 
where, usf  = the ultimate strength of the steel reinforcement used to fabricate the U 
connectors; d  is diameter of the U connectors;  0.2 / 1 1.0h d    , h  is the height of 
the U connectors; ckf  and ckE are cylinder compressive strength and elastic Young’s 
modulus of the concrete, respectively.  
3.5.1.2 Bending moment capacity 
The bending moment resistance of the SCS sandwich beams can be calculated by the 
formulae developed in Chapter 4. The plastic bending resistance of the sandwich section 
can be determined by the lesser of the following moment capacities 
 max y cM f Bt h t       (3.2a) 
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 max U cM nP h t       (3.2b) 
where, yf  is the yield strength of the steel face plates; B  is the width of the beam; t  is 
thickness of the steel plate; ch  is height of the core concrete; n  is the quantity of the 
shear connectors attached to the steel face plate in half span of the beam.  
3.5.1.3 Vertical shear strength 
The vertical shear resistance of the beam includes shear strength of the pure concrete and 
that contributed by the steel cables. The shear resistance of the sandwich beam is 
specified in Chapter 5 as following; 
c sV V V        (3.3) 
In EC 2, strength of  cV   and sV   are specified as following; 
     
 1/3, 1 1100c Rd c ck cV C k f Bh           (3.4) 
 0 cot cot sin /s c cV n N h S           (3.5) 
where,   = the angle between the concrete crack and the beam axis;  = the angle 
between the steel cables and the beam axis perpendicular to the shear crack; S  = the 
spacing of the connectors; cN  = the tensile strength of the steel cables. 
Therefore, for beam UA due to the weaving method of the inside steel cables, Eqn. (3.5) 
becomes Eqn. (3.6a) and (3.6b) for beam  

















          (3.6b) 
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3.5.1.4 Strength of beam subjected combination of vertical shear and bending moment 
In case of under combination of vertical shear and bending moment, the strength of the 






                 
  (3.7) 
3.5.1.5 Predictions on strength of SCS sandwich beam UA and UB 
A step by step design method on SCS sandwich beam is shown as follows: 
Step 1: Using Eqn. (3.1) to calculate strength of the U connector embedded in the LWC  
20.58 0.58 0.75 100 23.6 17000 /1000U ck ckP d f E      =27.6kN 
Therefore, the partial composite factor is: /U ynP f Bt  =0.46. uM =15.6 kNm. 
Step 2:  Using Eqn. (3.2) to calculate bending moment carrying capacity of the sections 
are: 
 1/3, 1 1100 13.0c Rd c ck cV C k f Bh kN      
Step 3:  Using Eqn. (3.3) to calculate vertical shear resistances of beam UA and UB 
 For beam UA: 








  =19.7kN 
































            
UA 32.7 15.6 29.5 0.90 14.8 0.95 1.31 
UB 28.6 15.6 27 0.94 13.5 0.87 1.28 
* tV = prediction of vertical shear strength; tM = prediction of bending moment strength.  
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From above comparisons, it can be observed that both /u tV V  and /u tM M  ratios are 
very close to 1.0, which implies that the beam UA and UB all failed in combined shear 
and flexural failure. The R indexes are 1.31 and 1.28 for beam UA and UB, respectively. 
Though these ratios are around 30% larger than the test ones, the proposed design 
formulae are still workable to check the strength of the sandwich beam section with UCU 
connectors considering the reliability of the predictions. 
3.5.2 Comparisons between UCU connectors and J-hook connectors 
Beams UA, UB and JL1 were designed with the same core concrete LWC and the same 
diameter of connectors of 10 mm. The yield strength, ultimate strength, and elastic 
Young’s modulus of the steel connectors used in beams UA and UB were 330, 460, and 
200000 MPa respectively while these characters were 300, 405, and 200000 MPa for 
connectors used in beam JL1. 
From Table 3.3, it can be found that the load carrying capacities of these three beams are 
59, 54, 56 kN, respectively. Though the three beams exhibit very close ultimate 
resistances, the stiffness of the three beams are different. From Fig. 3.6a, it can be seen 
that the stiffness of JL1 is larger than those of beams UA and UB. The stiffness of 60% 
ultimate load (2/3 of the ultimate load is usually the service load of the beam)-to-
corresponded deflections are 7.7, 7.1, 14.7 kN/mm. This implies that the stiffness of beam 
JL1 is around twice of the beam with UCU connectors. This can be explained by that the 
cables in the beams only take effect when they are tensioned. However, this tension force 
in the cable only occurred when the deformation of the beams took place. Additionally, 
the working principles for J-hook connector and UCU connecting system are different. 
The UCU connectors use the tension force provided by the U connectors attached to the 
steel face plates. A pair of interlocked J-hook connectors is anchored by the surrounding 
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concrete where they are embedded. The possible solution to solve the lower initial 
stiffness of the beam with UCU connectors is pre-stressing of these steel cables. Another 
reason for the lower stiffness of the UCU connectors may be caused by the smaller 
diameter of the used cables (Ø6 mm steel cables compared with Ø 10 mm J-hook shear 
connectors. Correspondingly, another solution to the low initial stiffness of the beam may 
be using larger diameter cables. 
3.5.3  Comparison between J-hook connectors and headed shear studs 
Beam J6 and B6 were designed with the same geometry and material except different 
forms of connectors. The same situation occurred to beam J7 and B7. J-hook connectors 
were used in beams J6, J7 while headed shear stud connectors were used in beams B6 and 
B7. The diameter of the J-hook connectors was 12 mm while that of headed shear studs 
was 13 mm.  
Load carrying capacities of beam J6 and B6 were 165 and174 kN, respectively while the 
capacities for J7 and B7 were 122 and 128 kN, respectively. It can be observed the 
ultimate strengths of beams with J-hook connectors were a little smaller compared with 
the beams with headed shear studs. These differences are caused by smaller diameter of 
the J-hook connectors used in the beams. The typical load-deflection curves of the beams 
J6, J7, B6 and B7 are shown in Fig. 3.6(b). From this figure, it can be seen that the curves 
of B7 and J7 are almost identical. Similar behavior is observed in beams B6 and J6. The 
stiffness for beams (at 2/3 of the ultimate load) is 10.2, 11.0, 31.8, and 27.1 for beams B7, 
J7, B6, and J6 respectively. Though there are some differences in beams with these two 
types of connectors, but no significant difference in stiffness was observed from the 
curves. This implies that the beams with J-hook connectors can provide equivalent 
structural performances to the beams with headed studs both in terms of ultimate strength 
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and service stiffness. Another key concern for the SCS sandwich composite beam is the 
ductility. From Fig. 3.6 (b), it can be seen that the beams with J-hook connectors exhibit 
almost equivalent ultimate deflection at failure point compared to the beams with headed 
shear studs. 
Therefore, based on the above observations, it can be concluded that the J-hook shear 
connectors offered equivalent structural behaviors to headed stud. UCU connectors can 
provide equivalent strength to beams compared with beams with J-hook and headed studs 
but not the initial stiffness. 
3.6  Summary 
In this chapter, nine types of mechanical shear connectors have been proposed for the 
SCS sandwich structures. Detailed geometry and concept design were presented. General 
comparisons were made among these proposed connectors and several existing typical 
types of connectors. From the comparisons, advantages and disadvantages were widely 
discussed and summarized. From the comparative studies between the beams with J-hook 
connectors and headed shear stud, it was observed that beams with UCU connectors 
exhibit equivalent ultimate strength to the beams with J-hook connectors. However, the 
corresponding initial stiffness of beam is only around 50% of the beam with J-hook 
connectors. This phenomenon maybe explained by the different working principle of 
these two types of connectors and lower diameter of steel cables was used for the beams. 
Possible solutions to solve this soft stiffness of the UCU connectors are pre-stressing the 
steel cables or using larger diameter cable.  
The comparative study was also carried out through beams tests between specimens with 
J-hook shear connectors and headed studs. Based on the four beam tests, it can be 
observed that the performance of J-hook connectors is similar to the headed shear studs in 
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terms of load carrying capacity, initial stiffness of the beam, and structural ductility. One 
advantage of a pair of interlocked J-hook connectors over the overlapped headed studs is 
that they can provide certain degree of tensile strength without confinement of the casting 
concrete. This advantage is especially important in the case of the concrete core was 
broken caused by the impact loading. The advantages of headed shear studs are easy 
installation and assembling. These two types of shear connectors are recommended for 
further research in the followed chapters. 
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1 ABA Strong interfacial shear resistance, pull out resistance  
Tedious fillet welding of 
angles, assembling 
problems, high costing of 
material and fabrication 
No 
2 AIA 
Medium interfacial shear 
resistance, medium pull out 
resistance 
High costing of 
fabrication and material, 





Medium interfacial shear 
resistance, medium pull out 
resistance  
High costing of 
fabrication and material, 





Medium interfacial shear 
resistance, medium pull out 
resistance 
Tedious fillet welding of 
angles No 
5 ACA 
Medium interfacial shear 
resistance, medium pull out 
resistance 
Tedious fillet welding of 
angles, high costing of 




Strong interfacial shear 
resistance, low costing of the 
material 
More spot welding of the 
U connector, assembling 
problem in long panel 
No 
7 UCU 
Strong interfacial shear 
resistance, low costing of the 
material, no assembling 
problems 
More spot welding of the 
U connector No 
8 Root connector 
Strong interfacial shear 




procedures on fabricating 
the cross root connector 
No 
9 WBW connector 
Medium interfacial shear 
resistance, Strong pull out 
resistance 
More fillet welding of the 
wave connector, 
assembling problem in 
long panel 
No 
10 J-hook connector 
Strong interfacial shear 
resistance, medium pull out 
resistance, low costing of the 
material and fabrication 
Medium pull out 
resistance compared with 
Bi-steel connectors 
No 
11 Headed shear stud 
Strong interfacial shear 
resistance, easy fabrication 
and assembling, medium pull 
out resistance 
Medium pull out 









Strong interfacial shear 
resistance, strongest pull out 
resistance 
High costing for the 
friction welding 0.2~0.7m 
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Table 3.2 Details of the prototype beams 


















UA UCU 330 460 5.9 275 LWC 23.6 17 10 1358 
UB UCU 330 460 5.9 275 LWC 23.6 17 10 1358 
JL1 J-hook 300 405 4.0 275 LWC 26 17 10 1445 
J6 J-hook 320 465 6.0 310 ULCC 60 16.5 12 1440 
B6 HSS 350 500 6.0 310 ULCC 60 16.5 13 1440 
J7 J-hook 320 465 6.0 310 ULCC 60 16.5 12 1440 
B7 HSS 350 500 6.0 310 ULCC 60 16.5 13 1440 
ysf = yield strength of the connectors; usf  = ultimate strength of the connectors; ct  = thickness of steel face plate; ckf =cylinder 
compressive strength of the concrete; yf =yield strength of the steel face plate; cE =elastic modulus of the concrete; c =density of the 
concrete; d -diameter of the connector; HSS-headed shear stud. 
Table 3.3 Results of prototype testing 
Item Loading condition Span (mm) 
S 
(mm) 






UA 3 points bending 1000 100 59 29.5 14.8 Shear 
UB 3 points bending 1000 100 54 27 13.5 Shear 
JL1 3 points bending 1000 100 56 28 14.0 Combined 
B6 4 points bending 1100 100 174 87 32.2 Combined 
B7 4 points bending 1100 100 128 64 39.7 Flexural 
J6 4 points bending 1600 100 165 82.5 30.5 Combined 
J7 4 points bending 1600 100 122 61 37.8 Flexural 
* uV =applied ultimate shear force on the section; pM =plastic ultimate bending moment acted on section; S =spacing of the connectors. 
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(a) ABA connector     (b) AIA connector    (c) AT connector 
 
(d) AHA connector      (e) ACA connector     (f) USU connector 
       
 
                       (g) UCU connector     (h) Root connector    (i) WBW connector 
Fig. 3.1 Illustration of different developed mechanical shear connectors for SCS sandwich composite structure
Angle  
Steel bar 
Top steel plate 
Bottom steel plate 
Top steel plate 
Bottom steel plate 
Top steel plate 
Bottom steel plate 
Top steel plate 
Bottom steel plate 
Top steel plate 
Bottom steel plate 
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Bottom steel plate 
Top steel plate 












Top steel plate 
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 (a) Details of SCS sandwich beams UA, UB and JL1   (b) Details of SCS sandwich beams B6, B7, J6 and J7 
Fig. 3.2 Dimension and test set-up of the SCS sandwich beams 
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(a) Set-up for tensile test of steel cable (b) Stress-strain curve of the cable 
Fig. 3.3 Tensile test of steel cable 
a) Steel cable                                          b) Welding the ‘U’ connectors 
   
d) Steel plates before assembling                     e) Anchoring the steel cables 
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g) Tightening the steel cables 
 
h) casting the specimen 
Fig. 3.4 Fabrication procedures of SCS sandwich member with UCU connector 
(a) UA before casting (d) UB before casting 
(b) UA after casting (e) UB after casting 
 
(c) failure shape of UA (f) failure shape of UB 
 
 
(h) Fracture of steel cables 
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(i) Shear failure of beamUA 
 
 
(j) Shear failure of beam UB 
 
 
(k) JL1 before tested (l) JL1 failure shape 
 
(m)  Failure shape of B6 
 
 
(n)  Failure shape of J6 
 
(o)  Failure shape of B7 
 
(p)  Failure shape of J7 
Fig. 3.5 Failure shapes of the tested SCS sandwich prototype beam 
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Fig. 3.6(a) Load deflection curves of beam UA, UB and JL1 
 
Fig. 3.6(b) Load deflection curves of beam B6, B7, J6 and J7  
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CHAPTER 4  BEHAVIOUR AND STRENGTH OF 
SHEAR CONNECTORS IN STEEL-CONCRETE-
STEEL SANDWICH STRUCTURES 
4.1  Introduction 
In SCS sandwich composite structures, cohesive material and shear connectors are widely 
used to bond the concrete and the steel face plates to achieve composite action. SCS 
sandwich composite structures with cohesive material tend to be weak in vertical shear 
resistance due to their sole shear contribution by pure core concrete (Solomon et al., 
1976). Shear connectors can make up this disadvantage and link shear cracks developed 
in the core concrete of the SCS sandwich structure that further enhances the shear 
capacity of the cross section.  
Various types of shear connectors have been developed, proposed and used in SCS 
sandwich structures. Among them, the most widely used is the headed shear stud namely 
Nelson stud. Overlapped headed shear studs used in SCS sandwich composite structures 
can transfer interfacial shear forces, prevent uplift of the steel face plates from the core 
concrete and prevent local buckling of the compression steel plate. The second 
representative type of shear connectors is the one used in Bi-steel structure that adopts 
friction welding technology (Bowerman et al., 1999). Though this type of connectors 
used in Bi-steel structures exhibits excellent static and fatigue performances, limitations 
of the friction welding equipment restrict the thickness within a range of 0.2~0.7 m. 
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Angle connectors were also proposed and used in SCS sandwich structures (Malek et al., 
1993). However, this type of connector also exhibits weak cross sectional shear 
resistances due to its shallow embedment in concrete. More recently, J-hook connectors 
have been developed and used in SCS sandwich composite structures. This type of 
connectors were made by bending normal steel bars and has advantages of  no limitations 
of thickness of SCS structure, low cost, resisting interfacial shear and providing cross 
sectional shear forces, easy installation (Liew et al., 2002). All these connectors used in 
SCS sandwich structures are shown in Fig.  4.1. 
Since these various types of connectors had been developed and proposed, it was 
important to investigate strength of the shear connectors. The strengths of shear 
connectors embedded in concrete include shear strength, tensile strength or pull-out 
strength, and strength subjected to shear and tensile forces. For these strengths of the 
headed shear studs, there were some available design formulae in PCI and ACI 318. In 
EC4, only shear strength of headed shear stud was specified. No specifications for tensile 
strength can be observed in EC4 that is out of its scope.  
From the literature review, it can be observed that the strengths of the J-hook shear 
connectors have not been systematically studied. Most of the design guidelines such as 
EC4 and ACI 318 & 349 have been developed mainly for headed shear studs. Applying 
these design guides faces two main critical challenges, i.e. novel connectors and new 
types of concrete mixtures used in the SCS structures that are beyond the scope of these 
design guidelines. Because, all these formulae are empirical ones based on regression 
analysis of test results and only restricted to the investigated stud forms and materials. For 
the new types of connector and material, these design guidelines need to be verified.  
Hence, it is of interest to investigate strengths of J-hook shear connectors.  Nevertheless, 
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strengths of J-hook connectors have been only experimental studied through several push 
out tests (Sohel, 2008; Dai, 2008). For strength of J-hook connectors embedded in the 
concrete especially in the new ultra lightweight concrete mixtures, no design guidelines 
can be referred to. 
Research objectives of this chapter are as following: 
1) To experimentally investigate shear strength of J-hook connectors embedded in 
different types of concrete mixtures including normal weight concrete (NWC), 
lightweight concrete (LWC) and a newly developed ultra lightweight cementitious 
composite (ULCC). To propose design formulae on shear strength of J-hook connectors. 
2) To experimentally study tensile strength (Pull-out strength) of J-hook connectors 
embedded in different types of concrete (NWC, LWC, and ULCC). To develop design 
approaches on the J-hook connectors in different core materials.  
3) To investigate strength of the J-hook connectors under combined tension and 
shear loads through experimental and Finite Element (FE) Method. To propose design 
formulae on the strength of J-hook connectors under combined shear and tension loads.  
All these three strengths will contribute to the ultimate strength of SCS sandwich 
members including beams, plates, and shells with J-hook connectors. Section 4.2, 4.3, and 
4.4 will present research achievements on shear, tensile strength, and strength under 
combination of shear and tensile loads, respectively. 
4.2 Shear strength of J-hook connectors 
The shear strength of a pair of J-hook shear connectors was obtained through the push test 
(or push out test). The push test used the same test set-up developed by Foundoukos and 
Chapman (2008) which was originally developed for the connectors in Bi-steel structure. 
Before carrying out the push test on the J-hook shear connectors, the parameters that 
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influence the shear strength of the connector were carefully chosen. These chosen 
parameters considered both geometry of the connectors and the materials used in the SCS 
sandwich composite structures. The selected parameters that influence the shear strength 
of the J-hook connectors are 1) Embedding depth of the connector; 2) strength and type of 
the core concrete-the strength of the concrete include concrete compressive strength fck, 
concrete splitting tensile strength fsp, elastic modulus Ec; 3) diameter of the shear 
connector; 4) strength of the J-hook connector-ultimate strength of the connector fu and 
elastic modulus Es.  
4.2.1 Experimental program 
Details of the specimens and materials are described in sections 4.2.1.1 and 4.2.1.2, 
respectively. The test set-up and test procedures are shown in section 4.2.1.3. 
4.2.1.1  Push-out test specimens 
Two batches (Batch A and B) of push-out test specimens, 24 pairs of specimens in Batch 
A and 27 pairs of specimens in Batch B respectively, were prepared with the selected 
controlling variables. The difference between specimens in Batch A and B was that J-
hook connectors in Batch B were made of high strength reinforcements (Ultimate 
strength≥650 N/mm2). Each specimen consisted of one pair of J-hook connectors that 
were embedded in the concrete and welded to the center of two external steel face plates, 
respectively.  All the specimens have the same width of 250 mm that minimizes the 
influences of the side edge. Different controlling variables for these push-out-test 
specimens were (1) concrete types- NWC, LWC, ULCC; (2) grades of concrete-three 
grades were prepared for each type of concrete; (3) thickness of the SCS sandwich slab-
four types of slab thickness for Batch A-80, 130, 150, and 200 mm; (4) five types of slab 
thickness-80, 100, 120, 150, and 200mm for Batch B; (5) four types of diameter-10, 12, 
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16, and 19 mm for specimens in Batch A and three types of diameter-10, 13, and 16 mm 
for specimens in Batch B. 
A wood frame with a base was used to hold the steel skeleton in position for casting. 
Different parts of the specimen were fixed and hold tightly during casting to prevent any 
movement. Meanwhile, 6 cylinders with 100 mm in diameter and 200 mm in height, 3 
cubes with a side length of 100 mm were prepared to obtain cylindrical compressive 
strength ௖݂௞, splitting tensile strength ௧݂, and cubic compressive strength ௖݂௨. Dimension 
of the push-out test specimen is shown in Fig.  4.2.  
All the push test specimens have a pair of J-hook connectors interlocked each other and 
are welded to external steel plate, respectively. The J-hook connectors were fabricated by 
bending round steel bars into the hook shape with a certain diameter. Two connectors in 
one pair were separately welded to two external steel plates. These two J-hook connectors 
interlocked each other and were positioned in the wooden frame with three sides sealed 
and one end open as shown in Fig.  4.2. All the specimens were 300 mm in height and 
250 mm in width.  The concrete were poured from the top open side and vibrated by the 
vibrator to evacuate the air bubbles. During the casting, six cylinders were prepared to 
obtain the compressive strength and split tensile strength of the concrete. After casting, all 
the specimens were covered with wet pad and plastic covers to keep the specimens moist 
and provide curing environment. All the prepared cylinders were tested at the same day 
when the push test was carried out.  
A total of 51 pairs of push test specimens were listed in Table 4.1 and Table 4.2. The 
major difference between the specimens in Table 4.1 and Table 4.2 is the strength of the 
steel rod used to fabricate the J-hook connectors. The J-hook connectors of the specimens 
in Table 2 were made of the high strength steel bars.   
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4.2.1.2  Core Materials 
There are three types of core material involved in the experimental study, namely normal 
weight concrete (NWC), lightweight concrete (LWC) and ultra-lightweight cementitious 
composite (ULCC).  
NWC was manufactured from granite coarse aggregates, natural sand, Portland cement, 
and water. Granite aggregates with a maximum size of 19.5 mm and natural sand were 
used as coarse and fine aggregates, respectively. Densities for granite aggregate and 
natural sand were 2610 and 2560 kg/m3, respectively. Three grades of concrete used for 
push-out test specimens in Batch A were C30, C45, and C70 while grades for specimens 
in Batch B were C30, C45, and C60.   
LWC consisted of expanded clay coarse aggregate, natural sand, cement, and water. 
Lightweight aggregate Liapor F4.5, F6.5, and F7.0 were used to produce C30, C45, and 
C60 grades LWC, respectively.  
Third type of core material used for push out test specimens was Ultra-lightweight 
cementitious composite (ULCC). Chia et al. (2011) developed this special type of fibre-
reinforced cement composite with a density of 1430 kg/m3 and 28-day compressive 
strength of about 60 MPa.  
Compared with typical concrete with similar strength and normal density of 2,400 kg/m3, 
the ULCC has a high specific strength (strength-to-density ratio) above 40 versus 25 
kPa/(kg/m3) for the former. Besides a 40% weight reduction from conventional concrete, 
the ULCC exhibits ultimate tensile and flexural strengths comparable with conventional 
concrete of similar strength. Due to porous structure, the ULCC has lower modulus of 
elasticity approximately 50% that of conventional concrete. Table 4.3 shows some of the 
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material mechanical properties of the ULCC at age of 28-day. In addition, Fig.  4.5 shows 
typical compression stress-strain and flexural behaviors of the ULCC.  
Basic components of the ULCC were ordinary Portland cement, silica fume, fine 
aggregate named cenosphere with a diameter of ranging 100 to 300 m and 6 mm long 
polyvinyl alcohol (PVA) fiber. The short PVA fiber (0.5% by volume) was used in ULCC 
to reduce the shrinkage and drying effect.  Fresh ULCC was flowable and it is suitable for 
grouts and mortars. Benefiting from the fine aggregate and excellent workability, the 
ULCC can be pumped during casting and less vibration is needed, which greatly increase 
the construction efficiency. The excellent workability of the ULLCC is shown in Fig. 4.6.  
All these fine and coarse aggregates used for NWC, LWC and ULCC were shown in Fig.  
4.4, which include crushed granite, natural sand, Liapor type of coarse aggregate for 
LWC and cenosphere for ULCC. 
4.2.1.3 Material properties 
All materials (steel and concrete) properties were determined through standard tests.  The 
tensile strength of the steel bars used to fabricate the J-hook connectors were obtained 
from the direct tensile test on them. For the NWC, LWC and ULCC, the material 
properties were obtained through compression test and splitting test on the cylinders. All 
these obtained material properties are listed in Table 4.1 and Table 4.2. Fig.  4.3 shows 
the stress-strain curves of the normal and high strength steel bar that used to fabricate the 
J-hook shear connectors. The compressive and tensile stress-strain curves of the ULCC 
are shown in Fig.  4.5.  
4.2.1.4 Test set-up and test procedures 
The push test setup is shown in Fig. 4.7. All the specimens were tested under the 
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SHIMADZU universal testing machine with a loading capacity of 300 kN. A 40 mm 
thick steel bearing plate was used to uniformly disperse the load from the actuator to the 
specimen. Each specimen was adjusted to keep the top surface of the concrete block on a 
water level by a level instrument. Specimens were also preloaded several times for the 
location adjustment of the specimen to minimize influence of the eccentricity.  
Subsequently, a displacement controlled loading with a rate of 0.05 mm/min was applied 
to the specimen to make sure that the specimen did not fail in 15 min according to 
Eurocode 4. Four LVDTs were installed on both top and bottom surface of the concrete 
block to continuously record the relative interfacial slip between the concrete block and 
face steel plates. A data logger machine linked to a controlled PC recorded all the 
readings at different load levels. All the specimens were loaded until failed. During this 
process, failure mode occurred to the specimen was also recorded. Camera was used to 
take photos of the failure modes. 
4.2.2 Test results 
Results of the push-out tests are shown in Tables 4.4 and 4.5. It is assumed that the 
applied load was evenly taken by the two connectors. Therefore, the applied load was 
divided by two to obtain the shear strength of each J-hook connector. Slip capacity u of 
each specimen was determined accordingly to Eurocode 4 as shown in Fig. 4.8.  
4.2.2.1  Failure modes 
Load was applied to the specimens until failure. The crack of the concrete was visible and 
reflected a sudden drop in the load-slip curves during the test when crack occurred. 
Failure of the connectors was much easier to recognize during this progress a loud sound 
of fracture of connector or cracking of the concrete blocks could be heard. The failure 
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modes can be summarized into two categories of shear failure of connector and concrete 
cracking failure.  
For shear failure of connector, the most probable shear failure mode tends to occur in the 
shank as shown in Fig.  4.9(a). During the test, it was observed that the connectors were 
sheared off the steel plates where they were welded to. Another type of shear failure 
mode was the welding failure if insufficient welding strength was provided at the 
conjunction of the connectors to face plates. The fracture surface was observed crossing 
the welding collar between the connectors and face steel plates as shown in Fig.  4.9 (b). 
Three types of concrete cracking failure modes were observed. 1) The first observed 
failure mode is embedment failure (shown in Fig.  4.9(c)), which occurred to the 
specimens with lower depth-to-diameter ratio. In that case, due to the insufficient 
embedment, the connector would pry out a cone of concrete of the concrete core; 2) The 
second failure mode was concrete splitting due to weak tensile strength of the pure 
concrete as shown in Fig.  4.9(d). For the SCS sandwich structures with J-hook 
connectors, there are usually no shear reinforcements and the shear strength of the pure 
concrete tends to be weak. Most of the specimens in Batch B failed in this mode; 3) Third 
observed concrete cracking failure mode was herringbone crack as shown in Fig.  4.9(e).  
4.2.2.2  Load-slip curves 
Relative slips between the core and the steel face plate were recorded during the tests. 
Recorded typical load-slip curves are shown in Fig.  4.10. From this figure, it can be 
observed that most of the connectors failed in shank shear failure with ductile behavior. 
In these cases, the slip capacities were larger than 6 mm and this is larger than the 
requirement of 6 mm as specified in EC4. The specimens failed in concrete core cracking 
especially in the core splitting exhibited brittle behaviors. Most of the specimens failed in 
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core cracking failure modes showed a maximum slip less than 6 mm. 
At the initial stage of loading, the load increased almost linearly as the slip increased 
when the interfacial slip was small. Then, the load-slip curve exhibited a parabolic 
behavior up to the maximum load. During this process, if the tensile strength of the 
concrete was large enough to take the tensile load produced by the concrete splitting, the 
specimen failed in the shank shear failure mode that exhibited a ductile load-slip behavior. 
Otherwise, the specimen failed in the core cracking that exhibited a relative brittle 
behavior compared with the specimen failed in the shank shear failure. This brittle failure 
was caused by the weak tensile strength of the core material and can be improved by 
introducing reinforcement in the core material or wire mesh into the core material. The 
influence of the shear reinforcement on the improvement of ductility has been 
investigated by Lam et al. (2007). Another improvement may come from the restraints of 
the neighbor connectors in the SCS sandwich members. The cracked cementitious core 
will be restrained by the neighboring shear connector and thus provide the confinement to 
the connectors to increase the shear capacity of the connector. Moreover, the restraint 
provided by the neighboring concrete will also improve the slip capacity of the connector.  
4.2.3 Discussion on test results 
The push specimens simulate the basic working unit of SCS sandwich beams or slabs. 
Parameters influencing shear strength of the J-hook connectors are investigated through 
comparisons of the test results and discussed below. 
4.2.3.1 Effect of  hs /d  
Influences of /sh d  ratio on shear strength of J-hook connectors embedded in different 
types of core material are plotted in Fig. 4.11. From this figure, it can be seen that the 
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strength of the connector increased as the increment of /sh d  ratio increases. When /sh d  
increases from 2.4 to 7.5, strength of the connector also increased by about 20 %, and the 
failure modes of the specimens in Batch A also shifted from core cracking to shank shear 
failure. This significantly implies that /sh d   ratio greatly influenced the shear strength as 
well as failure mode. This finding indicates that if the connectors are shallowly embedded 
in the concrete, the connectors will be pried out prior to mature development of shank’s 
yield strength, i.e. pry out failure will happen. In contrast, if sufficient embedment is 
provided, this type of failure mode will be deterred. The shear strength of the connector 
will also be increased. 
4.2.3.2 Effect of diameter of the connector 
Effects of the diameter of the connectors are shown in Fig. 4.12. From this figure, Table 
4.4 and Table 4.5, it can be observed that the diameter of the connector obviously 
influenced the shear strength of the connectors. Because, larger diameter leads to larger 
cross section area and load bearing area in the concrete that finally leads to larger shear 
strength of the connector. Nevertheless, strength will also be governed by the material 
properties (yield strength and elastic Young’s modulus) of the connector and concrete 
properties (compressive strength, shear strength and elastic Young’s modulus). Diameter 
of the connector is the only independent geometrical parameter to the strength of the 
connector. 
4.2.3.3 Effect of concrete strength and type 
Fig. 4.13 shows the influence of concrete strength and type on generalized shear strength 
of the connector. From this figure, it indicates that concrete strength has a significantly 
positive influence on the shear strength of the connectors. This influence can be explained 
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by that higher strength provides stronger anchorage to the shear connector. For the 
specimens failed in concrete cracking, this influence was dominant. The representative 
strength of the concrete usually comprises compressive strength, splitting tensile strength, 
and elastic Young’s modulus. Most of design guides use compressive strength and elastic 
Young’s modulus to predict the shear strength of the shear connectors (such as ACI, PCI, 
and EC4). It was observed that the concrete bearing capacity was proportional to the 
square root of the product of compressive strength and elastic modulus. 
4.2.4 Shear strength of J-hook connectors 
4.2.4.1 Existing design guidelines on shear strength of headed stud connectors 
For J-hook connectors, due to its novel form and new core material used, there are no 
design guidelines that can be referred to. Most of the available design codes are on the 
shear strength of headed shear studs. Design formulae in these codes are briefly 
summarized as the following. The details of these formulae can be referred to Chapter 2. 
In EC4, the shear strength of the headed shear studs is given 
2
2min 0.8 ,0.29 /
4J u ck c vv
dP f d f E  
        (4.1) 
In ANSI/AISC 360-05 (ANSI/AISC 2005), nominal shear strength of the headed studs 
embedded in concrete is specified by 
0.5J s ck c g p u sP A f E R R f A      (4.2) 
In AASHTO LRFD (2004), shear strength of stud shear connector embedded in the 
concrete decking is calculated as following 
0.5J s ck c u sP A f E f A       (4.3) 
 In the Chinese code for design of steel structures (GB2003), shear strength of stud 
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connectors is defined by 
0.43 0.7J s cp c u sP A f E f A      (4.4) 
4.2.4.2 Analytical formulae on shear strength of J-hook connectors 
From section 4.2.3, some preliminary observations on relationship between the shear 
capacity of the J-hook connectors and these investigated parameters were concluded. By 
using statistic software-MINITAB, regression analysis was carried out to obtain the 
design formulae on predicting shear strength of J-hook shear connector. 
All 51 pairs of push-out test specimens are included in this regression analysis. Shear 
strength /J sP A is treated as independent variable. /sh d and other properties including 
ckf , cE , and  uf are also considered as independent variables to the shear strength of the 
connector.  
For specimens failed in concrete cracking mode, shear strength is assumed as an 




J s ck c
hP A Kf E
d
         (4.5) 
where, K  is a constant. 
In order to solve these parameters , , ,K a b c , logarithmic transformations were used to Eqn. 
(4.5) and thus a linear relationship could be made to facilitate the solution. For the 
regression analysis, all possible combinations of the four parameters K, , ,a b c were 
considered. Finally, the proposed formula is shown as following: 
0.154
0.265 0.4690.855 cJ ck c s
hP f E A
d
         (4.6a) 
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Moreover, predictions by Eq. (4.6a) should be less than shear strength of the connectors 
specified as following 
/ 0.8J s uP A f      (4.6b) 
4.2.4.3 Verifications between predictions and test results 
The shear resistances of J-hook connectors predicted by various formulae are compared 
with the test results as shown in Tables 4.4 and 4.5. Scatters of test-to-prediction ratios 
are plotted in Figs. 4.14 and 4.15. The test-to-prediction ratio was used to evaluate the 
accuracy of various design approaches. 
From the results shown in Tables 4.4 and 4.5 and Figs. 4.14 and 4.15, the proposed 
equation (Eq. 13) gives the best fit to the test results. ANSI/AISC gives the least reliable 
predictions that overestimate the test results by about 13% in case of concrete bearing 
failure. The formula in AASHTO/LRFD is almost identical to design formulae given by 
ANSI except the value of reduction factor (ANSI adopted 0.5 instead of  0.5), see Eqs. 
4.3 and 4.4. Therefore, the AASHTO/LRFD offers lower predictions than those 
predictions by ANSI. EC4 (Eq. 4.1) gives the second most conservative predictions 
compared to Eq. 4.6 with an average value of 1.19. However, the EC4 also offers 25% 
unsafe predictions that cannot meet the requirement of 90% confidence level. Thought the 
proposed formula Eq. 4.6 gives the largest test-to-prediction ratio, it also gives the lowest 
coefficient of variance (COV) of 0.15. 
It should be mentioned that the exiting formulae given in the modern codes are strictly 
not applicable to J-hook connectors. Therefore, considering both accuracy and reliability, 
the proposed formula Eq. 4.6 gives the best predictions and is recommended for use in the 
design of sandwich composite structure with J-hook connectors. 
Chapter 4 Behavior and Strength of Shear Connectors in SCS Sandwich Structures  
 
   ‐ 103 - 
 
4.2.5 Load-slip behaviors of J-hook connectors 
4.2.5.1 Summary of design methods on description of load-slip behaviors 
From previous study, it was observed that the load-slip curves of the push-out test were 
almost identical except the unloading parts, which were more influenced by the failure 
modes-shanks shear or concrete cracking. However, for the ductile behavior of load-slip 
curves, they are almost identical. Some design formulae have been also proposed and 
used to describe this behavior in many design guides developed by different researchers.  






       (4.7a) 





       (4.7b) 


















      (4.7d) 
Model by Gattesco and Giuriani (1998), Johnson and Molenstra (1991), and Aribert 





         (4.7e) 
where 1 10.97; 1.3 ; 0.0045 .mm and mm       
Lorenc and Kubica modified Eq. (4.3d) to agree with the their experimental curves by 
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       (4.7f) 
Xue et al. (2008) proposed an empirical formula based on regression analysis of 30 push-





       (4.7g) 
4.2.5.2 Proposed design formulae on describing load-slip behavior of J-hook connector 
The generalized  / uP P   curve were plotted and shown in Fig. 4.16. Different 
/ uP P    curves of specimens in Batch A and B with J-hook connectors embedded in 
different material were detailed illustrated. From Fig. 4.16, it can be observed that most of 
the generalized curves were identical for the specimens that were depended on the type of 
core material. Therefore, proposed design formulae should be different for specimens 
with different materials. Before carrying out regression analysis on / uP P    curves, 















P A e C
P
   
    
(4.8c) 
The coefficients in the Eqns. 6a~6c can be easily determined from the generalized 
/ uP P   curves by several key points. From the regression analysis, the obtained values 
for coefficients A, B and C are listed in Table 4.6. The comparison between predicted and 
test generalized load-slip curves is shown in Fig.  4.16. From this figure, it can be 
observed that the proposed models for describing load-slip behaviors resembles well with 
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the experimental curves especially for the specimens with ULCC. From the view of 





































1 N1-2 NWC 4.0 47.7 24 2343 11.7 6 40 51.7 310 480 195 3.4 
2 N3-4 NWC 4.0 47.7 24 2343 11.7 6 60 71.7 310 480 195 5.1 
3 N5-6 NWC 4.0 47.7 24 2343 11.7 6 75 86.7 310 480 195 6.4 
4 N7-8 NWC 4.0 47.7 24 2343 11.7 6 100 111.7 310 480 195 8.5 
5 N9-10 NWC 4.0 47.7 24 2343 15.6 6 100 115.6 315 480 192 6.4 
6 N11-12 NWC 4.0 47.7 24 2343 19.5 10 100 119.5 280 460 190 5.1 
7 N13-14 NWC 3.4 34.1 19.5 2329 11.7 6 75 86.7 310 450 195 6.4 
8 N15-16 NWC 4.9 71.0 28 2341 11.7 6 75 86.7 310 450 195 6.4 
9 L1-2 LWC 3.0 51.2 18 1874 9.5 6 75 84.5 310 450 195 7.9 
10 L3-4 LWC 3.0 51.2 18 1874 11.7 6 40 51.7 310 450 195 3.4 
11 L5-6 LWC 3.0 51.2 18 1874 11.7 6 60 71.7 310 450 195 5.1 
12 L7-8 LWC 3.0 51.2 18 1874 11.7 6 75 86.7 310 450 195 6.4 
13 L9-10 LWC 3.0 51.2 18 1874 11.7 6 100 111.7 340 480 200 8.5 
14 L11-12 LWC 3.0 51.2 18 1874 15.5 6 100 115.5 315 450 192 6.5 
15 L13-14 LWC 3.0 51.2 18 1874 19.5 10 100 119.5 280 450 190 5.1 
16 L15-16 LWC 2.2 18.1 15 1596 12.0 6 75 87 310 450 195 6.3 
17 L17-18 LWC 4.5 61.0 20.5 1846 12.0 6 75 87 310 450 195 6.3 
18 U1-2 ULCC 4.4 60.0 16.5 1453 9.5 6 75 84.5 310 450 195 7.9 
19 U3-4 ULCC 4.4 60.0 16.5 1453 11.7 6 40 51.7 310 450 195 3.4 
20 U5-6 ULCC 4.4 60.0 16.5 1453 11.7 6 60 71.7 310 450 195 5.1 
21 U7-8 ULCC 4.4 60.0 16.5 1453 11.7 6 75 86.7 310 450 195 6.4 
22 U9-10 ULCC 4.4 60.0 16.5 1453 11.7 6 100 111.7 310 450 195 8.5 
23 U11-12 ULCC 4.4 60.0 16.5 1453 15.6 6 100 115.6 315 450 192 6.4 
24 U13-14 ULCC 4.4 60.0 16.5 1453 19.5 6 100 119.5 280 450 190 5.1 
* fsp =Splitting tensile strength; w= density of concrete; fck =cylinder compressive strength of concrete; Ec = Elastic modulus of concrete;  
t = steel plate thickness;  N1-2 designates two specimens N1 and N2 with same parameters, same for other specimens  

































1 HN1-2 NWC 4.5 43.5 23.5 2352 10 6 75 85 435 680 200 7.5 
2 HN3-4 NWC 4.5 43.5 23.5 2352 13 6 40 53 425 670 200 3.1 
3 HN5-6 NWC 4.5 43.5 23.5 2352 13 6 50 63 425 670 200 3.8 
4 HN7-8 NWC 4.5 43.5 23.5 2352 13 6 65 78 425 670 200 5.0 
5 HN9-10 NWC 4.5 43.5 23.5 2352 13 6 75 88 425 670 200 5.8 
6 HN11-12 NWC 4.5 43.5 23.5 2352 13 6 100 113 425 670 200 7.7 
7 HN13-14 NWC 4.5 43.5 23.5 2352 16 6 100 116 415 670 200 6.3 
8 HN15-16 NWC 3.3 33.7 19.5 2340 13 6 75 88 425 670 200 5.8 
9 HN17-18 NWC 4.5 52.2 24.5 2381 13 6 75 88 425 670 200 5.8 
10 HL1-2 LWC 3.4 51.4 17.85 1874 10 6 75 85 435 680 200 7.5 
11 HL3-4 LWC 3.4 51.4 17.85 1874 13 6 40 53 425 670 200 3.1 
12 HL5-6 LWC 3.4 51.4 17.85 1874 13 6 50 63 425 670 200 3.8 
13 HL7-8 LWC 3.4 51.4 17.85 1874 13 6 65 78 425 670 200 5.0 
14 HL9-10 LWC 3.4 51.4 17.85 1874 13 6 75 88 425 670 200 5.8 
15 HL11-12 LWC 3.4 51.4 17.85 1874 13 6 100 113 425 670 200 7.7 
16 HL13-14 LWC 3.4 51.4 17.85 1874 16 6 100 116 415 670 200 6.3 
17 HL15-16 LWC 2.2 18.1 16 1596 13 6 75 88 425 670 200 5.8 
18 HL17-18 LWC 3.1 61.0 20.5 1846 13 6 75 88 425 670 200 5.8 
19 HU1-2 ULCC 4.4 65.1 16.5 1446 10 6 75 85 435 680 200 7.5 
20 HU3-4 ULCC 4.4 65.1 16.5 1446 13 6 40 53 425 670 200 3.1 
21 HU5-6 ULCC 4.4 65.1 16.5 1446 13 6 50 63 425 670 200 3.8 
22 HU7-8 ULCC 4.4 65.1 16.5 1446 13 6 65 78 425 670 200 5.0 
23 HU9-10 ULCC 4.4 65.1 16.5 1446 13 6 75 88 425 670 200 5.8 
24 HU11-12 ULCC 4.4 65.1 16.5 1446 13 6 100 113 425 670 200 7.7 
25 HU13-14 ULCC 4.4 65.1 16.5 1446 16 6 100 116 415 670 200 6.3 
26 HU15-16 ULCC 3.0 23.3 10 1358 13 6 75 88 425 670 200 5.8 
27 HU17-18 ULCC 3.5 34.2 12.5 1387 13 6 75 88 425 670 200 5.8 
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Table 4.3a Concrete material properties of specimens in Batch A (At 28 day) 
   ULCC  NWC   LWC  
Item Material property Unit C60 C30 C45 C80 C20 C45 C60 
1 Density after de-mould  kg/m3 1450 2329 2343 2341 1596 1874 1846 
2 Compressive strength, cube fcu  MPa 64.0 43.1 54.9 77.6 - - - 
3 Compressive strength, cylinder fck MPa 64.6 34.1 47.7 71.0 18.1 51.2 61.0 
4 Ratio fck/ fcu - 1.01 0.79 0.87 0.91 - - - 
5 Splitting tensile strength  MPa 4.4 3.4 4.0 4.9 2.2 3.0 4.5 
6 Flexural strength MPa 6.7 - - - - - - 
7 Static modulus of elasticity GPa 16.0 19.5 23.5 28.0 15.0 18.0 20.5 
8 Static Poisson’s ratio - 0.25 - - - - - - 
 
Table 4.3b Concrete material properties of specimens in Batch B (At 28 day) 
    ULCC   NWC   LWC  
Item Material property Unit C25 C40 C60 C30 C45 C60 C20 C45 C60 
1 Density after de-mould  kg/m3 1358 1387 1446 2340 2352 2381 1596 1874 1846 
2 Compressive strength, cube fcu  MPa 29.9 34.1 64.3 41.6 54.9 55.9 - - - 
3 Compressive strength, cylinder fck MPa 23.3 34.2 65.1 33.7 47.7 52.2 18.1 51.4 61.0 
4 Ratio fck/ fcu - 0.78 1.00 1.01 0.81 0.87 0.93 - - - 
5 Splitting tensile strength  MPa 3.0 3.5 4.4 3.3 4.0 4.5 2.5 3.4 4.7 
6 Flexural strength MPa - - 6.7 - - - - - - 
7 Static modulus of elasticity GPa 10.0 12.5 16.5 19.5 23.5 24.5 16 17.9 20.5 
8 Static Poisson’s ratio - - - 0.25 - - - - - - 
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Table 4.4 Push-out test results and predictions by Eq. 4.2 of specimens in Batch A 
Specimen Failure Mode testP  
































N1-2 CC 39.47 37.54 1.05 38.70 1.02 32.90 1.20 36.12 1.09 34.88 1.13 
N3-4 CC 46.60 41.29 1.13 38.70 1.20 32.90 1.42 36.12 1.29 37.09 1.26 
N5-6 CC 40.51 41.29 0.98 38.70 1.05 32.90 1.23 36.12 1.12 38.37 1.06 
N7-8 CC 44.75 41.29 1.08 38.70 1.16 32.90 1.36 36.12 1.24 40.09 1.12 
N9-10 CC 67.42 73.40 0.92 68.81 0.98 58.49 1.15 64.22 1.05 68.22 0.99 
N11-12 CC 98.95 109.90 0.90 103.03 0.96 87.58 1.13 96.16 1.03 103.04 0.96 
N13-14 CC 38.83 32.37 1.20 36.29 1.07 30.84 1.26 33.87 1.15 31.86 1.22 
N15-16 SS 49.67 38.70 1.28 36.29 1.37 30.84 1.61 33.87 1.47 38.70 1.28 
L1-2 SS 34.03 25.13 1.35 23.92 1.42 20.33 1.67 22.33 1.52 23.25 1.46 
L3-4 CC 34.58 33.68 1.03 36.29 0.95 30.84 1.12 33.87 1.02 31.05 1.11 
L5-6 CC 37.85 38.11 0.99 36.29 1.04 30.84 1.23 33.87 1.12 33.02 1.15 
L7-8 SS 43.38 38.11 1.14 36.29 1.20 30.84 1.41 33.87 1.28 34.16 1.27 
L9-10 SS 42.90 38.11 1.13 38.70 1.11 32.90 1.30 36.12 1.19 35.69 1.20 
L11-12 CC 58.03 66.89 0.87 63.68 0.91 54.13 1.07 59.44 0.98 60.02 0.97 
L13-14 CC 75.70 105.86 0.72 100.79 0.75 85.67 0.88 94.07 0.80 91.73 0.83 
L15-16 CC 24.83 21.76 1.14 29.47 0.84 25.05 0.99 25.34 0.98 24.98 0.99 
L17-18 CC 49.08 40.72 1.21 38.17 1.29 32.44 1.51 35.63 1.38 39.85 1.23 
U1-2 SS 33.65 25.52 1.32 23.92 1.41 20.33 1.65 22.33 1.51 23.27 1.45 
U3-4 CC 40.15 34.91 1.15 36.29 1.11 30.84 1.30 33.87 1.19 31.08 1.29 
U5-6 CC 41.43 38.70 1.07 36.29 1.14 30.84 1.34 33.87 1.22 33.06 1.25 
U7-8 SS 44.65 38.70 1.15 36.29 1.23 30.84 1.45 33.87 1.32 34.20 1.31 
U9-10 SS 48.05 38.70 1.24 36.29 1.32 30.84 1.56 33.87 1.42 35.73 1.34 
U11-12 CC 63.35 68.81 0.92 64.51 0.98 54.83 1.16 60.21 1.05 60.80 1.04 
U13-14 CC 94.48 107.51 0.88 100.79 0.94 85.67 1.10 94.07 1.00 91.83 1.03 
Mean    1.08  1.10  1.30  1.18  1.16 
Cov    0.15  0.16  0.16  0.16  0.14 
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Table 4.5 Push-out test results and predictions by Eq. 4.2 of specimens in Batch B 
Specimen Failure Mode testP  
































(1) (2) (3) (3)/(2) (5) (5)/(2) (7) (7)/(2) (9) (9)/(2) (11) (11)/(2) 
HN1-2 SS 44.20 29.32 1.51 39.70 1.11 33.75 1.31 34.15 1.29 27.74 1.59 
HN3-4 CC 43.25 40.40 1.07 66.70 0.65 56.69 0.76 57.71 0.75 40.95 1.06 
HN5-6 CC 46.90 48.03 0.98 66.70 0.70 56.69 0.83 57.71 0.81 42.36 1.11 
HN7-8 CC 58.26 49.55 1.18 66.70 0.87 56.69 1.03 57.71 1.01 44.08 1.32 
HN9-10 CC 56.89 49.55 1.15 66.70 0.85 56.69 1.00 57.71 0.99 45.05 1.26 
HN11-12 CC 59.88 49.55 1.21 66.70 0.90 56.69 1.06 57.71 1.04 47.07 1.27 
HN13-14 CC 77.07 75.06 1.03 101.03 0.76 85.88 0.90 87.41 0.88 69.08 1.12 
HN15-16 CC 54.46 39.73 1.37 53.80 1.01 45.73 1.19 46.27 1.18 38.59 1.41 
HN17-18 CC 55.41 53.09 1.04 66.70 0.83 56.69 0.98 62.25 0.89 48.21 1.15 
HL1-2 SS 39.20 27.78 1.41 37.61 1.04 31.97 1.23 32.35 1.21 25.49 1.54 
HL3-4 CC 47.15 38.28 1.23 63.57 0.74 54.03 0.87 54.67 0.86 37.61 1.25 
HL5-6 CC 47.33 45.50 1.04 63.57 0.74 54.03 0.88 54.67 0.87 38.91 1.22 
HL7-8 CC 42.26 46.94 0.90 63.57 0.66 54.03 0.78 54.67 0.77 40.50 1.04 
HL9-10 CC 45.61 46.94 0.97 63.57 0.72 54.03 0.84 54.67 0.83 41.39 1.10 
HL11-12 CC 58.17 46.94 1.24 63.57 0.92 54.03 1.08 54.67 1.06 43.24 1.35 
HL13-14 CC 69.90 71.11 0.98 96.29 0.73 81.85 0.85 82.81 0.84 63.46 1.10 
HL15-16 CC 33.46 26.37 1.27 35.71 0.94 30.36 1.10 30.71 1.09 29.85 1.12 
HL17-18 SS 52.13 53.09 0.98 66.70 0.78 56.69 0.92 62.25 0.84 46.20 1.13 
HU1-2 SS 40.89 30.06 1.36 40.06 1.02 34.05 1.20 35.00 1.17 26.14 1.56 
HU3-4 CC 51.97 41.42 1.25 66.70 0.78 56.69 0.92 59.15 0.88 38.59 1.35 
HU5-6 CC 50.98 49.23 1.04 66.70 0.76 56.69 0.90 59.15 0.86 39.92 1.28 
HU7-8 CC 53.04 50.79 1.04 66.70 0.80 56.69 0.94 59.15 0.90 41.54 1.28 
HU9-10 CC 57.55 50.79 1.13 66.70 0.86 56.69 1.02 59.15 0.97 42.45 1.36 
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Specimen Failure Mode test
P  
































(1) (2) (3) (3)/(2) (5) (5)/(2) (7) (7)/(2) (9) (9)/(2) (11) (11)/(2) 
HU11-12 SS 64.26 50.79 1.27 66.70 0.96 56.69 1.13 59.15 1.09 44.35 1.45 
HU13-14 CC 74.42 76.94 0.97 101.03 0.74 85.88 0.87 89.60 0.83 65.10 1.14 
HU15-16 CC 43.24 23.66 1.83 32.03 1.35 27.23 1.59 27.55 1.57 25.59 1.69 
HU17-18 CC 51.05 32.04 1.59 43.39 1.18 36.88 1.38 37.32 1.37 31.45 1.62 
Mean    1.19  0.87  1.02  0.99  1.29 
COV    0.18  0.20  0.20  0.20  0.15 
*CC=concrete breakout failure; SS=shank shear failure; COV=coefficient of variance. 
 
Table 4.6 Coefficients for proposed design formulae 
 Material A B C 
Eq. (4.8a) 
NWC 2.00 1.85 - 
LWC 2.50 2.50 - 
ULCC 3.00 3.00 - 
Eq. (4.8b) 
NWC -0.50 0.45 - 
LWC -0.40 0.40 - 
ULCC -0.50 0.35 - 
Eq. (4.8c) 
NWC 0.95 0.62 0.0075 
LWC 0.92 0.70 0.0050 
ULCC 1.10 0.50 -0.0130 
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a)  Headed shear stud         b) Connector in Bi-steel structure    c) J-hook connector 
   
c) Angle connector         d) C channel connector 





Front  view Side  view
hs
 
Fig.  4.2 Push-out test specimen 
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a) Crushed granite      b) Natural sand           c) Expanded clay         d) Cenosphere 
Fig.  4.4 Coarse and fine aggregate used for the push-out test specimen 
 
(a) Compression stress-strain curve      (b) Flexural beahviour (Prism test) 
Fig.  4.5 Compression and flexural tension behaviors of ULCC 
 
a) ULCC during mixing          b) before flow table test    c) after flow table test 
Fig. 4.6 ULCC grout before and after float table test 
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a) Specimen set-up b) Schematic set-up 
   Fig. 4.7 Test set-up of pushout test              Fig. 4.8 Determination of slip capacity 
 
(a) Shear failure in the shank (b) Shear failure in the welding     
 
(c) Concrete cracking-embedment failure (d) Concrete cracking-Splitting cracking failure 
  
  (e) Concrete cracking-herringbone shear crack 
 Fig.  4.9 Failure modes observed in the push-out tests with J-hook connectors 
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(a)        (b) 
 
(c)        (d) 
 
(e)        (f) 
Fig.  4.10 Typical load-slip curves of specimen in batch (a) B1 with NWC; (b) B1 with 
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Fig. 4.11 Effect of hs /d on PJ for specimens 
 
Fig. 4.12 Effect of d on PJ 
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(a) Predictions by Eq. 4.6 verified against test results        (b) Predictions by Eqns. 4.1~4.6 verified against test results 
Fig. 4.14 Predictions verified against the experimental ones 
 
(a)  Comparisons between test results and predictions by Eqn. 4.6        (b) Comparisons between test results and predictions by Eqn.4.1~4.6 
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(a)        (b) 
 
(c)        (d) 
 
(e)        (f) 
Fig.  4.16  Test and predicted load-slip curves (a) for NWC in Batch A; (b) for NWC in 
Batch B; (c) for LWC in Batch A; (d) for LWC in Batch B; (e) for ULCC in Batch A; (f) 
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4.3 Tensile strength of J-hook connectors embedded in concrete 
J-hook connectors embedded in the concrete core provide vertical shear strength to SCS 
sandwich structure through connecting shear cracks developed in the concrete core. This 
shear contribution is determined by the tensile strength of the connectors embedded in 
concrete core. However, the tensile strength in the steel-concrete composite structures is 
not specified in Eurocode 4. In PCI 6th Edition, ACI 318 and ACI 349, there are some 
specifications on tensile strength of the anchors used in the pre-stressed concrete 
structures. These specifications are mainly developed for headed shear studs but also 
include bolt anchorage, hook anchorage, and other forms of anchorages. According to 
ACI 318, the anchorages embedded in the concrete fails in several types of failure modes 
if they are under tension, i.e. steel fracture failure of the anchorage, pull-out, concrete 
breakout, side-face blowout, and concrete splitting (as shown in Fig. 4.17).  
However, these proposed design guidelines are mainly developed for anchorages and not 
for a pair of directly interlocked J-hook connectors used in SCS sandwich composite 
structure. Moreover, new concrete material is introduced in this sandwich composite 
structure. Therefore, it is important to obtain the tension capacity of the J-hook shear 
connectors embedded in different concrete mixture. Moreover, the design approach on the 
tension capacity of the J-hook connector needs to be developed.  
The tensile strength of a pair of J-hook connector is obtained from the tensile test or pull-
out test. In order to obtain this strength, tensile test has been carried out. Parameters 
influencing tensile strength of the J-hook connectors were carefully chosen before 
carrying out the tensile test. These selected variables, considering both material and 
geometry of the specimens, were concrete material properties (including ckf , cE , tf , and 
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density w ), steel material properties ( uf , sE ), diameter of J-hook connector d , 
embedment depth of the connector sh , diameter of the bent hook R , and different types 
of concrete (NWC, LWC, HPC and ULCC). 
4.3.1 Experimental program 
4.3.1.1 Tensile test specimen 
A total of 79 Specimens in two batches namely batch A and B were prepared for the 
tensile test with 40 and 39 specimens in batch A and B, respectively. There were four 
groups of specimens in each batch recognized by the use of different concrete material i.e. 
LWC, NWC, HPC and ULCC.  
Steel tubes were used for all the specimens to provide confinement that simulated the 
surrounding concrete as shown in Fig.  4.18 and Fig. 4.19. The steel tube was with 
dimensions of Ø200 mm x 6 mm (thickness).  Major variables designed for the tensile test 
are as following;  
    1) Strength of concrete and material types. Four types of concrete were used in this 
experimental study i.e. ULCC, LWC, HPC, and NWC. Grades of C30, C45, and C60 
were used for LWC. There were four grades of concrete-C30, C45, C60, and C80 used 
for NWC. For ULCC and HPC, there was only one grade. 
    2) Diameter of the J-hook connector. Totally, reinforcements with four diameters were 
used to fabricate the J-hook connectors, i.e. 6, 10, 12, and 16 mm. For specimens in batch 
A, diameters 6, 10, and 12 mm reinforcements were used whilst diameters 6, 10, 12, and 
16 mm reinforcements were used for specimens in batch B.  
3) Radius of the hook i.e. /D d ratio (as shown in Fig. 4.19). Three ratios of /D d  2, 
3 and 4 were used in the test. This parameter influences the anchoring length of the J-
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hook connectors embedded in the concrete and thus influence the tensile resistance.  
4) Embedment depth of the connectors- /sh d ratio. Three types of embedment depths 
were considered that were 100, 150 and 200 mm. The embedment depth influences the 
shear failure surface of the pulled out cone of concrete. This shear failure surface 
significantly affects the tensile strength. 
Details of the specimens are listed in Table 4.8(a) for specimens in batch A and Table 
4.8(b) for specimens in batch B.  
4.3.1.2  Materials for tensile test 
There were four types of concrete mixtures involved in this experimental study, which 
were LWC, NWC, ULCC, and HPC. The material property of the LWC, NWC and 
ULCC are described in section 4.2.1.2. The HPC was used to provide a high confinement 
to the J-hook connectors. During casting of the specimens, nine cylinders (Ø100x200 mm) 
and three cubes (100x100x100 mm3) were prepared to obtain the material properties, 
which are ckf , spf , cE , and w . The material properties of the all the concrete mixture are 
given in Table 4.7.  
4.3.1.3  Tensile test set-up 
All the specimens are as shown in Fig.  4.18 and Fig. 4.19. Steel tubes simulated 
confinement of the neighbor concrete in the structure. There were no bonding measures 
taken between the bottom steel plate and the steel tube. Hence, the bottom steel plate 
could slide along the steel tubes. Before casting, silicone was used to seal the gap 
between the steel tube and bottom plate. A pair of interlocked J-hook connectors with one 
connector welded to the bottom steel plate and the other extending out for tension was 
used in one specimen.  
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A)  Method A 
The test set-up of method A is shown in Fig.  4.18(a) and Fig. 4.20(a). From these figures, 
it can be seen that a steel frame was used to hold the tensile test specimen in position. 
During the test, the top J-hook connectors extending from the frame was clamped by the 
testing machine. Meanwhile, the frame that held the specimens was fixed to the bottom 
support through a linking bolt. Four LVDTs were used to record the relative elongation of 
the J-hook connectors. An aluminum angle was attached on the connectors to measure the 
elongation through two installed LVDTs. Another two LVDTs were installed on the top 
steel plate to record the relative elongation of the bottom J-hook connectors.  
B) Method B 
Method B is less complicated than method A. In this method, Ø20 mm steel bar was 
welded to the bottom steel plate of the specimen as shown in Fig.  4.18(b). During the test, 
the top J-hook connector and bottom steel bar were tensioned by the loading machine. 
The test set-up method B is shown in Fig. 4.20(b). An aluminum angle was attached on 
the top J-hook connectors to record the elongations by two LVDTs. Another Two LVDTs 
were installed on both the top and bottom surface of the specimen, respectively.  
For specimens tested by both methods A and B, a displacement controlled loading with a 
rate of 0.05 mm/min was used for the test.  A camera was also used to take photos of the 
deformed shape and failure modes of the specimen. Once the J-hook connectors was 
straightened or pulled out, the test was terminated. 
4.3.2  Test results of tensile test 
4.3.2.1 Failure modes and ultimate strength 
Three types of failure modes were observed during the test. These observed failure modes 
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were breakout failure of the concrete material, J-hook connectors straighten, and tensile 
failure of the J-hook connectors (Shown in Figs. 4.21(a1)~(c2)). 
A) Concrete breakout failure of the filled material 
The first failure mode was concrete break out failure or concrete cone failure as shown in 
Fig. 4.21(a)~(f). Specimens failed in this mode were characterized by pulling out a cone 
of concrete from the specimen. As shown in these figures (Fig. 4.21), a cone of concrete 
with an angle around 35-degree between the shear failure surface and the free specimen 
surface was pulled out of the specimen.  
B) Hook straighten of J-hook connector 
The hook straighten failure of the J-hook connectors is shown in Fig. 4.21(g)~(h). From 
these figures, it can be seen that the hooks were straightened during the test. This failure 
mode is characterized by the straightened J-hook connectors without failure of concrete 
material failure and keeping intact without any cracks between J-hook and concrete until 
end of the tests.  
C)Tensile failure of J-hook connector 
The third failure mode was tensile failure of J-hook connectors as shown in Fig. 
4.21(i)~(j). From these figures, it can be seen that the shank of the J-hook connectors 
were necked or fractured due to large elongation of the steel connectors. Ultimate strength 
and failure mode of all the tested specimens are listed in Table 4.11. 
4.3.3  Discussions on test results 
The influences of different parameters on the tensile strength of J-hook connectors are 
discussed in this section. The investigated parameters are types and grades of concrete 
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mixture, D/d ratio, volume fraction of PVA fiber in ULCC, diameter of the connector, 
and embedment depth of the connectors.  
4.3.3.1 Effect of concrete type and strength  
Four types of concrete mixtures were used to investigate this influence on tensile strength 
of J-hook connectors, which were LWC, NWC, ULCC and HPC. Material properties of 
these four mixtures are listed in Table 4.7. Fig. 4.22 shows the influences of concrete 
strength on ultimate tensile strength of J-hook connectors. From these figures, it can be 
observed that the ultimate tensile strength increases as the concrete strength increases for 
specimens with all kinds of concrete mixtures. This trend can be more clearly reflected in 
Fig. 4.22(c). For specimens with HPC, the tensile strength of the J-hook connectors even 
achieves the ultimate strength of the steel bars. From Fig. 4.22(c), the specimens with 
HPC and J-hook connectors with diameters of Ø6 and 12 mm all achieve ultimate tensile 
strength of the connector. These are because that higher strength concrete (HPC) provides 
larger breakout strength and prevent the breakout failure of the core concrete prior to 
achieving the ultimate tensile strength of the steel connectors. This implies that the J-hook 
connectors are fully anchored by the HPC and thus guarantee tensile fracture of the J-
hook connector.  
4.3.3.2  Effect of diameter of the connector 
Increasing diameter of the connector not only increases the tensile strength of the 
connector but also increases the anchoring length of the J-hook connector in the 
embedded concrete (All the specimens were designed with an constant ratio of D/d=2 as 
shown in Fig. 4.19. Four types of connector in different diameter values were used in the 
test i.e. Ø6, 10, 12, and 16 mm. The ultimate tensile strengths of the different diameter J-
hook connectors are plotted in Fig.  4.23(a) and Fig.  4.23(b). For specimens using test 
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method A (shown in Fig.  4.23(a)), it can be seen that the tensile strength JN  increases as 
the diameter of the connector increases. However, the increasing rates are different 
depending on the concrete mixtures. It is also clearly reflected in Fig.  4.23(a) that the 
increasing rate of the tensile strength is higher for specimens with higher strength 
concrete compared to those with lower strength concrete. This phenomenon can be 
explained by that the confinement provided by the concrete increases as the concrete 
strength increases. Moreover, with the same diameter, failure mode of the specimen 
shifted from concrete cone failure to hook straighten or even tensile failure of the 
connector’s shank. From Fig.  4.23(b), it can be seen that tensile strength of the J-hook 
connector is approximately in a linear relationship to the diameter of the connector. This 
can be explained by that increasing the diameter increases the anchoring length of the J-
hook connector that is three times of diameter of the connector, which finally influences 
the hook straightened strength of the connector. 
4.3.3.3 Effect of embedment depth of the connector 
The effect of embedment depth of the connector is shown in Fig. 4.24(a) and Fig. 4.24(b). 
In TUA-2 series, specimens were designed with the same diameter 12 mm and same 
material but different embedment depths of 100, 150, and 200 mm. TUB series were 
designed with the similar specimens except the testing method. Specimens in series TN60 
A and TN60B were with the same geometries except the embedment depth. Moreover, 
TN60A series and TN60B series used test methods A and B, respectively.  
From Fig. 4.24 (a) and (b), it can be observed that increasing the embedment depth of the 
J-hook connectors transparently lead to higher tensile strength of the specimens with 
either ULCC or NWC. Taking specimens in TUA-1 series for example, when the 
embedment depth of the J-hook connector increases from 100 to 150 and 200 mm, the 
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ultimate tensile strength of the J-hook connector was increased by 25.2% and 40.5%, 
respectively. These increments in ultimate tensile strength for specimens in series TUA-2 
were 21.9% and 32.1% as the embedment depth increased from 100 to 150 and 200 mm, 
respectively. Explanation for this is that deeper embedment depth increases the projection 
area of the concrete breakout failure surface. The embedding depth of the connector 
significantly increases the breakout failure strength as well as the pullout strength. 
4.3.3.4 Effect of D/d ratio of the connector 
The J-hook connectors are cold formed by bending the normal reinforcement into a hook 
shape. The bending diameter D equaling to twice of the diameter of the reinforcements d 
was usually used for most of the of the J-hook connectors. Three types of D/d ratios i.e. 2, 
3, and 4 were used to investigate this influence on the tensile strength of the J-hook 
connectors. The influence of the D/d ratio is shown in Fig.  4.25. From this figure, it can 
be observed that the D/d ratio has a limited influence on the ultimate tensile strength. 
Take the specimens with Ø12 mm, ULCC, using test method A for example, the tensile 
strength increases by 7% and 14% when the D/d increases from 2 to 3 and 4, respectively. 
This increment of the D/d ratio on tensile strength can be explained by that larger D/d 
ratio provides longer anchoring length of the J-hook connectors. The longer anchorage 
length provides larger hook straighten length of the specimen. Unfortunately, all the 
specimens set to investigate this influence failed in concrete breakout failure mode that 
limits this influence of D/d ratio. This reason can also explain the limited improvement on 
tensile strength of specimens with ULCC, Ø12 mm connector, and test method B.  
4.3.3.5  Effect of PVA fiber volume content 
Fig. 4.26 shows the effect of PVA fiber content on tensile strength of J-hook connectors 
embedded in the ULCC. PVA fiber was used to improve the tensile strength of the 
Chapter 4 Behavior and Strength of Shear Connectors in SCS Sandwich Structures  
 
   ‐ 127 - 
 
mixture ULCC. In Table 4.7, it can be observed that the splitting tensile strength of the 
ULCC increases from 4.41 to 5.38 and 7.3 MPa as the PVA fiber volume content 
increases from 0.5 to 1 and 2 percent, respectively. The influence of the fiber volume 
fraction is plotted in Fig. 4.26. From this figure, it can be seen that the influence of fiber 
content on the tensile strength is quite limited. It is observed that the tensile strength 
increases by 32% when the volume content of PVA fiber increases from 0.5 to 0.9 %. 
However, the tensile strength decreases around 15% when this content increases from 0.9 
to 2%. Tensile tests carried out by Sohel et al. (2011) were also used to analyze this 
influence of specimens with the LWC. From the test results, adding 1% PVA fiber to 
LWC and NWC has improved the pullout strength of the J-hook connectors by around 4 
and 22 %, respectively.  
When specimens failed in concrete breakout failure, addition of PVA fibers significantly 
increased the tensile strength of the J-hook connectors. Because, addition of PVA fibers 
increases the tensile strength of the concrete (as listed in Table 4.10), eventually increases 
the integrated tension forces of the pulled out concrete cone. However, for the specimens 
failed in hook straighten, addition of PVA fibers has limited influence on the tensile 
strength of the connectors. Because, the hook straighten strength is related to the 
compressive strength of the concrete and the projected anchoring length of the hook in the 
concrete. PVA fiber only increases the tensile strength rather than compressive strength. 
Thus, adding PVA fibers will not increase tensile strength of the specimen which failed in 
hook straighten mode.  
4.3.4 Analytical model on tensile (Pull-out) strength of J-hook connectors 
From the test results and discussions in the above sections, the failure modes of the tensile 
test on J-hook connectors embedded in different concrete mixtures have been observed 
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and discussed. Based on these discussions and observations, their influences on the tensile 
strength of the J-hook connectors were observed.  
In this section, some design guides used to calculate the tensile strength of the J-hook 
connectors are firstly summarized. Then, comparisons between the test data and the 
predictions using these design formulae are carried out. Based on these comparisons and 
the test observations, design recommendations for tensile strength of the J-hook 
connectors are given. 
4.3.4.1 Analysis on tensile strength of hook connectors 
From the literature review, it is found that there are several available design codes on 
tensile strength of the anchorages. Though these design formulae are mainly developed 
for the anchorage especially for the headed shear studs, they can also be used for other 
types of anchorages such as hook anchors, bolts, and expanded anchors. Pullout strength 
of the anchors embedded in the concrete can be governed by tensile strength of a 
truncated concrete cone, tensile failure of the connector, straighten strength of hook 
shaped connectors, and punching shear strength of the steel face plate at the conjunction 
with the connectors. As the embedment depth of the connectors in the concrete increases, 
the projection area of the breakout cone increases as well as the breakout strength. If this 
breakout strength is larger than the tensile strength of the connector, tensile fracture 
occurs to the shank of the connector. This tensile fracture failure of the connector will 
also be governed by the strength of the hook straighten and punching shear strength of the 
face steel plate around the connector. 
From the general view, connectors used in slim floor system tend to be unable to develop 
their tensile strength due to their insufficient embedment depth. However, EC4 doesn’t 
consider these strengths failed in concrete breakout or hook straightening modes. In EC4 
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clause 6.6.3.2, it is specified that only cases of the tensile force in the connector less than 
10% of the ultimate strength are considered. Another reason to carry out this research is 
to check if these design guidelines are applicable to the J-hook connectors embedded in 
different types of concrete especially in the ULCC.  
There are two main existing philosophies to calculate the concrete breakout strength, i.e. 
45-degree cone method (shown in Fig.  4.27(a)) and concrete capacity design method 
(CCD) or four-sided pyramid failure surface method (shown in Fig.  4.27(b)).  
A) Strength of concrete breakout failure by 45-degree method 
Using 45-degree concrete cone method, the concrete cone breakout capacity is specified 
as following 
0 0.306T ck NP f A      (4.9a) 
0 4T ck NP f A lb     (4.9b) 
In a group of fastenings such as connectors in SCS sandwich composite beams or slabs, 
the layout of the connecter tends to be dense (sometimes the spacing among the 
connectors is 100mm). In that case, the neighbored connectors will overlap and a 
reduction factor therefore needs to be considered. Another scenario is that the connectors 
in edge vicinity of the SCS sandwich beams. This edge effect will reduce the tensile 
strength of the fastenings. Hence, in the ACI 349, the projection areas to calculate the 








      (4.10) 
The calculation of NA  is show in Fig.  4.28.  For specimens with dense layout connectors, 
the projection area of the concrete cone will overlap each other. Therefore, the reduced 
projection area needs to be considered. Fig.  4.28 shows the calculation of the projection 
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area for a single connector and group connectors that are developed for the connectors in 
SCS sandwich composite beams and plates. The projection area for headed shear studs 
and J-hook connector is shown in Eqns. 4.11 (a) & (b).  










dA h d       (J-hook connector)   (4.11b) 
Fig. 4.28 (e) makes a general illustration of the projection area of one connector in beams 
and plates.  
B) Tensile breakout capacity of the core by concrete capacity design (CCD) method 
In CCD method, the failure surface is assumed to be a four-sided pyramid with a slope of 
35-degree between the failure surface and the free concrete surface as shown in Fig.  
4.27(b). This philosophy is widely adopted by provisions of PCI 6th edition and ACI 318-
08 Appendix D.  
Fuchs et al. (1995) proposed design formula on calculating the tensile strength of the 





TC nc cu s
N
AP k f h
A
      (4.12a) 
Detailed information refers to Eqn. (2.17a) in chapter 2. 
In ACI 318, the breakout strength of the concrete four-sided pyramid is specified as 
following 





AP k f h
A
       (4.12b) 
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Detailed information refers to Eqn. (2.17b). 
In PCI 6th edition, similar design method is used. Strength of concrete breakout capacity 
is calculated by 
1.5
0
12.53NTC crb ed ck s
N
AP C f h
A
    (4.12c) 
Detailed information refers to Eqn. (2.17c). 
A theoretical model on tensile breakout capacity was proposed by Bazant (1984), and 











       (4.12d) 
Detailed information refers to Eqn. (2.17d). 
C)  Steel tension strength of the anchor  
In PCI 6th Edition, the tensile strength of the steel connectors is specified as 
TS se utP A f      (4.13a) 
Detailed information refers to Eqn. (2.18a) in Chapter 2. 
In ACI 318, the tensile strength of the steel material is governed by 
TS se utP A f      (4.13b) 
Detailed information refers to Eqn. (2.18b) in Chapter 2. 
D) Hook straighten strength 
In ACI 318-08 Appendix D, the pullout strength in tension of a single hook bolt should 
not exceed: 
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40.9Th ck hP f e d      (4.14a) 
Detailed information refers to Eqn. (2.19a) in Chapter 2. 
Similar design method is used in PCI. The hook straightening strength is  
1.26Th ck h crpP f e dC      (4.14b) 
Detailed information refers to Eqn. (2.19b) in Chapter 2. 
E)  Punching shear strength of the face steel plate 
Punching shear failure will probably occur to the connectors when the larger diameter 
connectors are welded to thin steel plates. In the design guide for steel-concrete-steel 
sandwich construction (Narayanan et al., 1994), the stud diameter is limited from one 
time to 2.5 times of the plate’s thickness.  
By specifications on shear strength of steel material in Eurocode 3, the punching shear 
strength of the face steel plate in the periphery of the connector is defined as following 
/ 3 2 / 3TV v u uP A f dtf      (4.15) 
where, t=thickness of the steel plate. 
4.3.4.2  Comparisons between analytical results and test data 
The test results comprising of failure mode and tensile strength are listed in Table 4.8 (a) 
& (b). From these test results, it can be found that four types of failure mode occurred to 
the 79 tests, i.e. concrete breakout failure (CC), J-hook straighten (HS), steel bar tension 
failure (STF) and punching shear failure of the steel face plate (PS). 30 specimens fail in 
the CC and 46 (out of 79) fail in HS. 3 specimens fail in STF and 1 fails in PS.  
If a perfect prediction approach (only assumed) existed, the test result-to-prediction ratio 
should be equal 1.0 that means the predictions exactly agree with the test results. Any 
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prediction methods can be evaluated by the distribution of ratios of actual test results-to-
predictions obtained from a number of tests. Fig. 4.29 (a)~(e) show the distributions of 
the test-to-prediction ratios obtained by five methods on calculation of the concrete 
breakout strength of the J-hook connectors. Fig. 4.29(f) shows the distributions of the 
ratios obtained from the specimens failed in hook straighten. The capacity ratios larger 
than 1.0 represent conservative predictions, ratios less than 1.0 imply unsafe over-
predictions.  
The mean test-to-prediction ratios by Eqn.4.9 and Eqn. 4.12a~d are 1.26, 1.21, 1.48, 1.50 
and 1.08 with standard deviations of 0.27, 0.32, 0.40, 0.40 and 0.20, respectively. From 
Fig. 4.29(a), it can be seen that predictions of five specimens are reliable. In order to 
make conservative predictions to all the tested specimens failed in concrete breakout 
failure, a reduction factor of 0.9 is recommended to Eqn. 4.9. Thus, all the ratios will be 
greater than 1 that implies the predictions by Eqn. 4.9 will be conservative and reliable 
for design purposes. Following this rule on design recommendations of the formulae on 
predicting the capacity of the specimens failed in concrete breakout failure, several safety 
factors for Eqns.4.12a~d are recommended based on the distributions of the test-to-
prediction ratios by Eqn.4.8a~d (shown in Fig. 4.29(b)~(e)). The recommended safety 
factors for Eqns. 4.12a~d are 0.75, 0.9, 0.9, and 0.75 to offer predictions with confidence 
larger than 90%, respectively.  
For the distribution of the ratios on specimens failed in hook straighten failure mode, the 
mean value of the test-to-prediction ratio is 1.36 with a standard deviation of 0.3. To meet 
the requirement of 95% confidence predictions, a reduction factor of 0.9 was 
recommended for Eqn. 4.10 on prediction of the hook straighten strength. 
For Eqn. 4.13(a) and (b), in the early edition of PCI, yf  or 0.9 utf are recommended for 
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design purpose. Therefore, considering the reliability, the 0.9 utf will be used to substitute 
utf  in Eqn. 4.13 (b). 
4.3.4.3  Proposed formulae on tensile strength of J-hook connectors 
With the recommended safety factors in section 4.3.4.1, the design formulae on 
calculating the tensile strength of the J-hook connectors embedded in different concrete 
mixtures including NWC, LWC, and ULCC are modified and recommended. Five design 
approaches with a combination of using different formulae on strength of different types 
of failure modes were recommended as follows 
Prediction 
Methods 
Concrete breakout Hook 
straighten Tensile failure 
Punching 
shear of 





















































Predictions with these five recommended design approaches are compared with the test 
ones in Fig. 4.30 (a)~(e). From this figure, it can be concluded that the recommended 
design approaches offer predictions with relative precise as well as reliable predictions.  
For the purpose of the predictions on test results, the safety reduction factor as 
aforementioned can be taken as 1.0 for precision consideration. 
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NWC C25 33.11 46.07 3.95 20.2 2337 
(N) C45 48.73 62.37 4.40 23.3 2360 
 C60 54.67 65.44 4.56 24.2 2368 
 C80 66.51 77.32 5.43 27.5 2350 
LWC C30 26.65 22.92 3.06 18.0 1602 
(L) C45 47.86 51.68 3.29 18.0 1852 
 C60 60.62 54.74 4.63 20.8 1883 
HPC (H) D4 154.38 161.33 12 60.5 2738 
ULCC (U) 0.5% fiber 57.75 52.19 4.41 16.3 1443 
U2 1% fiber 53.1 51.15 5.38 16.5 1409 
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Table 4.8a Specimen for tensile test and results 















1 TUA1 U 12 A 2 100 0.5 490 CC&HS 23.40 
2 TUA2 U 12 A 3 100 0.5 490 CC&HS 25.00 
3 TUA3 U 12 A 4 100 0.5 490 CC&HS 27.70 
4 TUA4 U 12 A 2 150 0.5 490 HS&CC 29.30 
5 TUA5 U 12 A 2 200 0.5 490 HS&CC 32.90 
6 TUA6 U2 12 A 2 100 1.0 490 CC&HS 30.80 
7 TUA7 U3 12 A 2 100 2.0 490 CC&HS 27.10 
8 TUA8 U 12 A 2 95 0.5 470 CC&HS 26.76 
9 TUA9 U 12 A 2 125 0.5 470 HS 29.80 
10 TUA10 U 12 A 2 95 0.5 470 HS 28.39 
11 TUA11 U 12 A 2 95 0.5 470 HS 30.48 
12 TUA12 U 12 A 2 95 0.5 470 HS 27.10 
13 TUA13 U 16 A 2 95 0.5 405 CC 37.81 
14 TUA14 U 20 A 2 125 0.5 405 CC 57.54 
15 TLA1 LC30 10 A 2 100 - 490 HS 16.23 
16 TLA2 LC30 12 A 2 100 - 490 HS 22.40 
17 TLA3 LC30 12 A 2 100 - 490 HS 19.98 
18 TLA4 LC30 12 A 2 100 - 470 HS 23.66 
19 TLA5 LC30 16 A 2 100 - 490 CC 27.41 
20 TLA6 LC45 6 A 2 100 - 500 HS 9.80 
21 TLA7 LC45 10 A 2 100 - 520 HS 17.60 
22 TLA8 LC45 12 A 2 100 - 490 CC 19.90 
23 TLA9 LC60 6 A 2 100 - 500 HS 10.80 
24 TLA10 LC60 10 A 2 100 - 520 HS 23.60 
25 TLA11 LC60 12 A 2 100 - 490 CC 36.80 
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26 TNA1 NC25 6 A 2 100 - 500 HS 7.70 
27 TNA2 NC25 10 A 2 100 - 520 HS 20.60 
28 TNA3 NC25 12 A 2 100 - 490 HS 20.80 
29 TNA4 NC45 6 A 2 100 - 500 HS 7.60 
30 TNA5 NC45 10 A 2 100 - 520 HS 23.20 
31 TNA6 NC45 12 A 2 100 - 490 HS 24.30 
32 TNA7 NC60 6 A 2 100 - 500 HS 8.40 
33 TNA8 NC60 10 A 2 100 - 520 HS&CC 24.60 
34 TNA9 NC60 12 A 2 100 - 490 CC 28.70 
35 TNA10 NC60 12 A 2 150 - 490 HS 30.20 
36 TNA11 NC60 12 A 2 200 - 490 HS 31.40 
37 TNA12 NC80 6 A 2 100 - 500 HS 13.75 
38 TNA13 NC80 12 A 2 100 - 490 HS 42.50 
39 TD4A1 HPC 12 A 2 100 - 490 STF 57.20 
40 TD4A2 HPC 12 A 2 95 - 470 STF 53.93 
* Thickness of all the steel plates used is 6 mm. PVA fibers are only used for specimens with ULCC; HS=hook straighten; CC=concrete 
cone failure; STF=steel tension failure; *PS=punching shear failure. 
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Table 4.8b Specimen for tensile test and results 










mode PT (kN) 
Group A  
1 TUB1 U 6 B 2 100 0.5 500 HS 9.00 
2 TUB2 U 10 B 2 100 0.5 520 HS&CC 17.10 
3 TUB3 U 12 B 2 100 0.5 490 CC&HS 21.50 
4 TUB4 U 12 B 3 100 0.5 490 CC&HS 22.10 
5 TUB5 U 12 B 4 100 0.5 490 CC&HS 23.20 
6 TUB6 U 12 B 2 150 0.5 490 HS&CC 26.20 
7 TUB7 U 12 B 2 200 0.5 490 HS&CC 28.40 
8 TUB8 U 16 B 2 100 0.5 390 CC&PS 34.60 
9 TUB9 U2 16 B 2 100 1.0 390 CC 34.10 
10 TUB10 U3 16 B 2 100 2.0 390 CC 33.40 
Group B  
11 TLB1 LC25 12 B 2 100 - 490 HS 17.30 
12 TLB2 LC25 12 B 2 100 - 490 HS 16.30 
13 TLB3 LC25 12 B 2 100 - 490 HS 15.30 
14 TLB4 LC45 6 B 2 100 - 500 HS 8.10 
15 TLB5 LC45 10 B 2 100 - 520 HS 16.50 
16 TLB6 LC45 12 B 2 100 - 490 HS&CC 21.70 
17 TLB7 LC45 16 B 2 100 - 390 CC 29.60 
18 TLB8 LC60 6 B 2 100 - 500 HS 8.50 
19 TLB9 LC60 10 B 2 100 - 520 HS&CC 18.10 
20 TLB10 LC60 12 B 2 100 - 490 CC 21.30 
21 TLB11 LC60 16 B 2 100 - 390 CC&HS 36.10 
Group C  
22 TNB1 NC25 6 B 2 100 - 500 HS 6.00 
23 TNB2 NC25 10 B 2 100 - 520 HS 16.70 
24 TNB3 NC25 12 B 2 100 - 490 HS 21.50 
25 TNB4 NC25 16 B 2 100 - 390 CC 32.30 
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mode PT (kN) 
 
26 TNB5 NC45 6 B 2 100 - 500 HS 9.34 
27 TNB6 NC45 10 B 2 100 - 520 HS&CC 25.00 
28 TNB7 NC45 12 B 2 100 - 490 CC 26.40 
29 TNB8 NC45 16 B 2 100 - 390 CC 36.20 
30 TNB9 NC60 6 B 2 100 - 500 HS 7.00 
31 TNB10 NC60 10 B 2 100 - 520 HS 19.60 
32 TNB11 NC60 12 B 2 100 - 490 CC 25.80 
33 TNB12 NC60 12 B 2 150 - 490 HS&CC 26.00 
34 TNB13 NC60 12 B 2 200 - 490 CC 28.90 
35 TNB14 NC60 16 B 2 100 - 390 CC 35.30 
36 TNB15 NC80 12 B 2 100 - 490 CC&HS 30.15 
37 TNB16 NC80 16 B 2 100 - 390 CC &HS 33.20 
Group D -  
38 TD4B1 HPC 6 B 2 100 - 500 STF 14.20 
39 TD4B2 HPC 12 B 2 100 - 490 PS 44.80 
* Thickness of all the steel plates used is 6 mm. PVA fibers are only used for specimens with ULCC; HS=hook straighten; CC=concrete 
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Table 4.9a Predictions by groups of equations method A~E 

































1 TUA1 23.40 22.88 1.02 26.49 0.88 22.47 1.04 22.31 1.05 26.49 0.88 
2 TUA2 25.00 22.88 1.09 27.59 0.91 22.47 1.11 22.31 1.12 27.95 0.89 
3 TUA3 27.70 22.88 1.21 27.59 1.00 22.47 1.23 22.31 1.24 27.95 0.99 
4 TUA4 29.30 26.49 1.11 26.49 1.11 25.79 1.14 25.60 1.14 26.49 1.11 
5 TUA5 32.90 26.49 1.24 26.49 1.24 21.82 1.51 21.66 1.52 20.91 1.57 
6 TUA6 30.80 21.94 1.40 24.36 1.26 21.55 1.43 21.39 1.44 24.36 1.26 
7 TUA7 27.10 24.47 1.11 29.51 0.92 24.04 1.13 23.86 1.14 29.89 0.91 
8 TuA8 26.76 22.15 1.21 26.43 1.01 21.53 1.24 21.37 1.25 27.36 0.98 
9 TUA9 29.80 29.82 1.00 29.82 1.00 29.82 1.00 29.82 1.00 29.82 1.00 
10 TUA10 28.39 22.15 1.28 26.43 1.07 21.53 1.32 21.37 1.33 27.36 1.04 
11 TUA11 30.48 22.15 1.38 26.43 1.15 21.53 1.42 21.37 1.43 27.36 1.11 
12 TUA12 27.10 22.15 1.22 26.43 1.03 21.53 1.26 21.37 1.27 27.36 0.99 
13 TUA13 37.81 23.84 1.59 22.09 1.71 18.00 2.10 17.86 2.12 28.70 1.32 
14 TUA14 57.54 40.68 1.41 34.62 1.66 28.20 2.04 27.99 2.06 45.21 1.27 
15 TLA1 16.23 9.56 1.70 9.56 1.70 9.56 1.70 9.56 1.70 9.56 1.70 
16 TLA2 22.40 13.42 1.67 13.42 1.67 13.42 1.67 13.42 1.67 13.42 1.67 
17 TLA3 19.98 13.42 1.49 13.42 1.49 13.42 1.49 13.42 1.49 13.42 1.49 
18 TLA4 23.66 11.47 2.06 11.47 2.06 11.47 2.06 11.47 2.06 11.47 2.06 
19 TLA5 27.41 17.69 1.55 16.83 1.63 13.71 2.00 13.61 2.01 21.10 1.30 
20 TLA6 9.80 5.68 1.73 5.68 1.73 5.68 1.73 5.68 1.73 5.68 1.73 
21 TLA7 17.60 15.26 1.15 15.26 1.15 15.26 1.15 15.26 1.15 15.26 1.15 
22 TLA8 19.90 20.78 0.96 21.43 0.93 20.59 0.97 20.43 0.97 21.43 0.93 
23 TLA9 10.80 6.95 1.55 6.95 1.55 6.95 1.55 6.95 1.55 6.95 1.55 
24 TLA10 23.60 19.31 1.22 19.31 1.22 19.31 1.22 19.31 1.22 19.31 1.22 
25 TLA11 36.80 23.44 1.57 27.80 1.32 23.02 1.60 22.85 1.61 27.80 1.32 
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26 TNA1 7.70 3.80 2.03 3.80 2.03 3.80 2.03 3.80 2.03 3.80 2.03 
27 TNA2 20.60 10.55 1.95 10.55 1.95 10.55 1.95 10.55 1.95 10.55 1.95 
28 TNA3 20.80 15.19 1.37 15.19 1.37 15.19 1.37 15.19 1.37 15.19 1.37 
29 TNA4 7.60 5.59 1.36 5.59 1.36 5.59 1.36 5.59 1.36 5.59 1.36 
30 TNA5 23.20 15.53 1.49 15.53 1.49 15.53 1.49 15.53 1.49 15.53 1.49 
31 TNA6 24.30 21.02 1.16 22.36 1.09 20.64 1.18 20.49 1.19 22.36 1.09 
32 TNA7 8.40 6.27 1.34 6.27 1.34 6.27 1.34 6.27 1.34 6.27 1.34 
33 TNA8 24.60 17.43 1.41 17.43 1.41 17.43 1.41 17.43 1.41 17.43 1.41 
34 TNA9 28.70 22.27 1.29 25.10 1.14 21.87 1.31 21.71 1.32 25.10 1.14 
35 TNA10 30.20 25.10 1.20 25.10 1.20 25.10 1.20 24.91 1.21 25.10 1.20 
36 TNA11 31.40 25.10 1.25 25.10 1.25 21.24 1.48 21.08 1.49 20.35 1.54 
37 TNA12 13.75 7.63 1.80 7.63 1.80 7.63 1.80 7.63 1.80 7.63 1.80 
38 TNA13 42.50 24.55 1.73 29.61 1.44 24.12 1.76 23.94 1.78 29.99 1.42 
39 TD4A1 57.20 37.41 1.53 45.12 1.27 36.75 1.56 36.47 1.57 45.70 1.25 
40 TD4A2 53.93 36.87 1.46 43.99 1.23 35.83 1.51 35.56 1.52 45.52 1.18 
 Mean 1.40 1.34 1.47 1.48  1.33 
 Stdev 0.28 0.32 0.31 0.32  0.31 
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Table 4.9b Predictions by groups of equations method A, B, C, D and E 
 
































1 TUB1 9.00 6.31 1.43 6.31 1.43 6.31 1.43 6.31 1.43 6.31 1.43 
2 TUB2 17.10 17.52 0.98 17.52 0.98 17.52 0.98 17.52 0.98 17.52 0.98 
3 TUB3 21.50 22.33 0.96 25.23 0.85 21.93 0.98 21.77 0.99 25.23 0.85 
4 TUB4 22.10 22.33 0.99 26.93 0.82 21.93 1.01 21.77 1.02 27.27 0.81 
5 TUB5 23.20 22.33 1.04 26.93 0.86 21.93 1.06 21.77 1.07 27.27 0.85 
6 TUB6 26.20 25.23 1.04 25.23 1.04 25.17 1.04 24.98 1.05 25.23 1.04 
7 TUB7 28.40 25.23 1.13 25.23 1.13 21.30 1.33 21.13 1.34 20.41 1.39 
8 TUB8 34.60 23.95 1.44 22.79 1.52 18.56 1.86 18.42 1.88 28.57 1.21 
9 TUB9 34.10 23.53 1.45 22.39 1.52 18.24 1.87 18.10 1.88 28.07 1.21 
10 TUB10 33.40 26.25 1.27 24.98 1.34 20.34 1.64 20.19 1.65 31.32 1.07 
11 TLB1 17.30 11.47 1.51 11.47 1.51 11.47 1.51 11.47 1.51 11.47 1.51 
12 TLB2 16.30 11.47 1.42 11.47 1.42 11.47 1.42 11.47 1.42 11.47 1.42 
13 TLB3 15.30 11.47 1.33 11.47 1.33 11.47 1.33 11.47 1.33 11.47 1.33 
14 TLB4 8.10 5.49 1.47 5.49 1.47 5.49 1.47 5.49 1.47 5.49 1.47 
15 TLB5 16.50 15.26 1.08 15.26 1.08 15.26 1.08 15.26 1.08 15.26 1.08 
16 TLB6 21.70 20.84 1.04 21.98 0.99 20.47 1.06 20.31 1.07 21.98 0.99 
17 TLB7 29.60 22.35 1.32 21.27 1.39 17.32 1.71 17.19 1.72 26.66 1.11 
18 TLB8 8.50 6.95 1.22 6.95 1.22 6.95 1.22 6.95 1.22 6.95 1.22 
19 TLB9 18.10 19.31 0.94 19.31 0.94 19.31 0.94 19.31 0.94 19.31 0.94 
20 TLB10 21.30 23.44 0.91 27.80 0.77 23.02 0.93 22.85 0.93 27.80 0.77 
21 TLB11 36.10 25.14 1.44 23.92 1.51 19.48 1.85 19.34 1.87 29.99 1.20 
22 TNB1 6.00 3.91 1.53 3.91 1.53 3.91 1.53 3.91 1.53 3.91 1.53 
23 TNB2 16.70 10.86 1.54 10.86 1.54 10.86 1.54 10.86 1.54 10.86 1.54 
24 TNB3 21.50 15.64 1.37 15.64 1.37 15.64 1.37 15.64 1.37 15.64 1.37 
25 TNB4 32.30 18.86 1.71 17.94 1.80 14.62 2.21 14.51 2.23 22.50 1.44 
Chapter 4 Behavior and Strength of Shear Connectors in SCS Sandwich Structures  
 
   ‐ 143 - 
 
































    
26 TNB5 9.34 5.59 1.67 5.59 1.67 5.59 1.67 5.59 1.67 5.59 1.67 
27 TNB6 25.00 15.53 1.61 15.53 1.61 15.53 1.61 15.53 1.61 15.53 1.61 
28 TNB7 26.40 21.02 1.26 22.36 1.18 20.64 1.28 20.49 1.29 22.36 1.18 
29 TNB8 36.20 22.54 1.61 21.45 1.69 17.47 2.07 17.34 2.09 26.89 1.35 
30 TNB9 7.00 6.27 1.12 6.27 1.12 6.27 1.12 6.27 1.12 6.27 1.12 
31 TNB10 19.60 17.43 1.12 17.43 1.12 17.43 1.12 17.43 1.12 17.43 1.12 
32 TNB11 25.80 22.27 1.16 25.10 1.03 21.87 1.18 21.71 1.19 25.10 1.03 
33 TNB12 26.00 25.10 1.04 25.10 1.04 25.10 1.04 24.91 1.04 25.10 1.04 
34 TNB13 28.90 25.10 1.15 25.10 1.15 21.24 1.36 21.08 1.37 20.35 1.42 
35 TNB14 35.30 23.88 1.48 22.73 1.55 18.51 1.91 18.37 1.92 28.49 1.24 
36 TNB15 30.15 24.55 1.23 29.61 1.02 24.12 1.25 23.94 1.26 29.99 1.01 
37 TNB16 33.20 26.34 1.26 25.06 1.32 20.41 1.63 20.26 1.64 31.42 1.06 
38 TD4B1 14.20 14.14 1.00 14.14 1.00 14.14 1.00 14.14 1.00 14.14 1.00 
39 TD4B2 44.80 37.41 1.20 45.12 0.99 36.75 1.22 36.47 1.23 45.70 0.98 
   Mean 1.27  1.25  1.38  1.39  1.20 
   Stdev 0.23  0.28  0.34  0.34  0.24 
   COV 0.18  0.22  0.25  0.24  0.20 
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          (a)                   (b)  (c)            (d)  (e) 
Fig. 4.17 Failure modes of anchorage under tensile loading: (a)Steel failure; (b) pullout  
concrete; (c) breakout; (d) side-face blowout; (e) concrete splitting (ACI 318, 2008) 
































Fig. 4.19 Geometry illustration of the tensile-test specimens 
 
Bottom steel plate Steel tube 
J-hook 
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(a) Test set-up of method A (b) Test set-up of method B 
   *Notation 
       ○1 -LVD transducer;       
       ○2 -Tensile test specimen using method A 
       ○3 -Steel frame with two holding plate and linking bolts 
       ○4 -Tensile test sepcimen using method B 
       ○5 -Shimazu 300kNG testing machine;   ○6 -Aluminum channel 
Fig. 4.20 Test set-up of the tensile test of J-hook connectors 
(a) Breakout failure (b) Breakout failure 
(c) Breakout failure (d) Breakout failure 
○1 ○1  
○1  
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(e) Breakout failure (f) Breakout failure 
 
(g) Hook straighten failure  (h) Hook straighten failure 
  
(i) Shank tension failure (j) Shank tension failure 
          Fig. 4.21  Failure modes observed in tensile test of J-hook connectors  
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(b)  Effect of concrete strength on ultimate strength for specimens with testing method B 
 
(c) Effect of HPC on ultimate strength of specimens with testing method A&B 
Fig. 4.22  Effect of concrete strength on tensile strength of J-hook connector 
  
(a) Specimens by test method A    (b) Specimens by test method B  
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(a)  Specimens with ULCC    (b) Specimens with LWCC60 
Fig. 4.24 Effect of embedment depth on tensile strength of J-hook connector 
 
Fig.  4.25 Effect of D/d ratio   Fig.  4.26 Effect of fiber content 
(a)  Concrete breakout cone as idealized by 
45-degree cone method 
(b) Tensile breakout body as idealized by concrete 
capacity method 







































































y = 1.6x + 25.3
y = x + 22

























Sohel et al. (2011), NWC
Sohel et al. (2011), LWC
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dA h d        




dA h d        
d =diameter of the hook connector; hd =diameter of the head of the stud connector.
 












For headed shear stud:   
2
21 2 sin
2 180 2 4
h
N s h





    
For J-hook connector:   
2
21 2 sin 3
2 180 2N s





    
Fig. 4.28 (a) 
Fig. 4.28 (b) 
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(c) Case 3 
When 2 s hS h d  (for headed shear stud);   2 sS h d  (for J-hook connector)
 















For headed stud ( When 2 s hS h d  ): 
   
2
21 4 4sin
4 45 2 4
h
N s h
dA h d                





    
For J-hook connector
 
( When 2 s hS h d  ):
 
   
2
21 4 4sin 3
4 45 2N s
dA h d              





    
 
Fig. 4.28 (c) 
Chapter 4 Behavior and Strength of Shear Connectors in SCS Sandwich Structures  
 
   ‐ 151 - 
 
(d) Case 4 
















For headed stud ( When 2 s hS h d  ) 
   
2
21 3 2sin 2cos 2
4 90 2 4
h
N s h
dA h d                   





    
For J-hook connector ( When 2 s hS h d  )
  
   
2
21 3 2sin 2cos 2 3
4 90 2N s
dA h d                 





    
Fig. 4.28 (d) 
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(e) Case 5 





AN     in middle region
Beam Edge








AN     Real Projection Area





AN     Real Projection Area
 
 
Fig.  4.28 Calculation of projection area AN of the connector 
 
Fig. 4.28 (e) 
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(e) by Eqn. 4.12d        (f) by Eqn. 4.13 
Fig. 4.29 Frequency distribution of ratios of test results-to-prediction ratios by (a) Eqn. 
4.6 for concrete breakout failure (CBF); (b) Eqn.4.12a for CBF; (c) Eqn.4.12b for CBF; 
(d) Eqn. 4.12c for CBF; (e) Eqn. 4.12d for CBF; (f) Eqn. 4.13 for hook straighten. 
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Fig. 4.30(a) Comparisons between test results and predictions by approach A 





















Fig. 4.30(b)b Comparisons between test results and predictions by approach B 
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Fig. 4.30(d) Comparisons between test results and predictions by approach D 
 


















Fig. 4.30(e) Comparisons between test results and predictions by approach E 
 
Fig.  4.30 Comparisons between the test results and predictions by design approaches 
A~E 
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4.4 Strength of J-hook connectors subjected to combined shear and tension loads 
The shear strength of the connector and tensile strength of the J-hook connectors have 
been vastly studied in section 4.2 and 4.3. From the literatures, it is found that the 
longitudinal shear strength and tensile strength of the connectors would counteract each 
other. During the working state, the SCS sandwich members will be probably subjected to 
combination of shear and bending moment. In that case, the shear connectors will be 
under combination of shear and tension forces. From the literature review, it reveals that 
the shear strength and tensile capacity will counteract each other. Therefore, it is 
important to obtain the relationship between these two strengths for J-hook connectors 
that will provide design foundation on strength of the members.  
In this section, a finite element (FE) model is firstly proposed and then verified against 
the test results of the push-out test and pull out test. With the proposed FE model, the 
strength of J-hook connectors under combined of shear and tensile loads are analyzed and 
obtained. Based on the FE results, a design formula is proposed to calculate the strength 
of J-hook connectors under combined of shear and tension loads. Moreover, analytical 
analysis was also carried out to analyze the strength of the shear connector under 
combined tension and shear forces.  
4.4.1  Push-out test results 
Using the similar test setup to the used section 4.2, 13 more specimens were tested. The 
details of the specimens are listed in Table 4.10(a). The formulae Eqn. 4.6 developed by 
the author were used for predictions. With these predictions, comparisons were carried 
out among the test results and predictions by EC4 and Eqn. 4.6 as listed in Table 4.10(b). 
Moreover, the results from push-out test carried out by Sohel (2008) and Dai (2008) were 
also incorporated for the verification. All the predictions are compared and listed in Table 
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4.10(b) and Fig. 4.31. Some typical load-slip curves of push-out tests are shown in Fig. 
4.32 for the verification of FE model.  
From Table 4.10 and Fig. 4.31, it can be found that Eqn.4.6 offer reliable predictions and 
the predictions agree well with the test results with only three overestimations on the test 
results. Explanation for these unsafe overestimations is that these specimens failed in 
welding failure prior to the shear failure of the steel connector and the predictions should 
be higher than the test ones. Compared with the EC4, the proposed Eqn. 4.6 exhibits more 
reliable predictions but equivalent accuracy.  
4.4.2  Tensile test results 
Six specimens with ULCC namely TUA8~TUA14 as listed in section 4.3 (details see 
Table 4.10(a) and Table 4.10(b) were used for the finite element (FE) verifications. The 
load-elongation curves are shown in Fig. 4.33 that will be further used for verifications of 
the FE model. 
4.4.3  FE model 
4.4.3.1  General 
Finite element software package ABAQUS was used to simulate the behavior of 
connectors embedded in concrete. An ABAQUS/Standard implicit solver was used for the 
nonlinear analysis. Generally, there are two types of solvers for ABAQUS analysis-
ABAQUS Explicit and Implicit. The Explicit is usually used to solve dynamic problems 
such as impact, explosion etc., whilst ABAQUS/Standard is usually used for static 
problems. ABAQUS/CAE pre-processor is used for the modeling of push test specimens.  
4.4.3.2  Material Model 
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Two types of material models were involved in this study, which are steel material for 
connectors and steel face plates and cementitious material for the sandwich core.  
A)  Material model for ULCC 
There is no established material model available in the literature to describe the ULCC. 
Therefore, the uniaxial compressive stress-strain characteristics of ULCC were obtained 
from compression test on cylinders with dimensions of Ø100 x 200 mm. Strain gauges 
were installed to measure the strains along the height and circumferential direction 
respectively at different stress levels. Moreover, four LVDTs were installed to measure 
strain (equal /h h ) especially at the progress of the stress regression of the concrete. The 
obtained stress-strain characteristic of ULCC used in the FE analysis is shown in Fig.  
4.34. Tensile strength of the ULCC was obtained from splitting test of cylinders based on 
American Standard Test of Material. From Fig. 4.34, it can be observed that stress of 
ULCC firstly increases almost linearly to the peak value of 60 MPa and then suddenly 
drops to around 20MPa that is one third of the peak stress 60 MPa due to the cracking of 
the concrete. The residual strength of about 20MPa is provided by the 0.5% per volume 
of PVA fibers (5mm long). Based on stress-strain curves of the compression test and 
strains measured during the test, the elastic modulus of the ULCC is determined as 
17.5GPa and Poisson’s ratio is 0.25. 
Concrete damage model in ABAQUS material library is selected for ULCC material. In 
concrete damage model, the compressive and tensile behaviors of ULCC are specified by 
the obtained stress-strain curve from the test as shown in Fig. 4.34.  
B) Material model for steel face plates and connectors 
The steel material are modeled as bi-linear with stress hardening after yielding as shown 
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in Fig.  4.34. The yield strength of the steel plates and the J-hook connectors were 
obtained from the coupon tests.  
The yield strength, Young’s modulus and Poisson’s ratio for steel are 315 MPa, 205 GPa 
and 0.3, respectively. The corresponding values for the J-hook connectors are 355 MPa, 
200 GPa and 0.3, respectively. 
4.4.3.3  Interaction definition 
In the FE model, interactions between the concrete and steel plates, concrete and J-hook 
connectors, and between load cell and concrete core are defined by contact pair algorithm. 
In the normal direction to the contact surface, hard contact property is defined to the 
contact behavior whilst penalty friction contact property is defined along the tangential 
direction to the interaction contact surface. For Hard contact interaction property in 
ABAQUS manual, it is specified that pressure will be transformed when the two 
interacted surfaces touch, whereas no pressure will be transferred when they are separated. 
A penalty friction contact is simulated along the tangential direction of the interacting 
surfaces. For the penalty friction contact, a coefficient of friction μ varying from 0 to 1 is 
used to represent friction behaviors of the interfaces. The influence of the friction 
coefficient on the load carrying capacities was studied through using different coefficient 
values in the FE model. FE results of models with varying μ from 0 to 0.6 are compared 
with test results of ULCC1-12 and ULCC5-12 in Fig. 4.36(a) and (b), respectively. Effect 
of the μ on ultimate strength of the push-out tests is shown in Fig. 4.36(c). 
From Fig. 4.36 (a), (b) and (c), it can be observed that larger μ leads to larger load 
carrying capacity of the specimens. The load capacity increases from 88.7 to 108 kN for 
ULCC1-12 and from 81.4 to 91.5 kN for ULCC5-12, respectively. The increments on 
load carrying capacity are 22% and 12% for ULCC1-12 and ULCC5-12, respectively. 
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This can be explained that larger friction values will lead to larger produced friction 
forces in the contact surface. Finally, the coefficient value μ=0.40 is recommended and 
used in the FE model. 
4.4.3.4  Geometry, element type and mesh size study 
A) Geometry 
Different components of the push-out test such as steel face plates, concrete, connector 
and load cell were simulated as shown in Fig. 4.37(a). A pair of J-hook connectors was 
simplified to a straight bar with three zones defined by different material property. These 
three zones are top stud, bottom stud and middle link. The top and bottom studs are 
assigned with material property of the J-hook connectors. Based on the load-elongation 
behaviors obtained from the tensile test on J-hook connectors, an equivalent material 
property is defined to the middle link zone that provides similar load-elongation 
behaviors of J-hook connectors under tension (load-elongation behavior is shown in Fig. 
4.32). Hence, the complicated geometry of the J-hook connectors is simplified. This 
simplification with regular shapes greatly reduces the quantity of the elements. Moreover, 
this simplification also meets the requirement on describing behaviors of the J-hook 
connector both in normal direction to the interaction surface and along the interaction 
surface in the specimen. Moreover, modeling of complex geometry of the hook shapes 
both for the connector and the concrete core can be avoided by this simplification. The 
load cell is simulated as a solid steel plate.  
Considering symmetry of the specimen, only one quarter of the specimen is modeled and 
shown in Fig. 4.37(b). Symmetrical constraints were applied to the corresponding 
surfaces. Contact pairs were defined between surface skin plate and in-filled core 
concrete, and between connectors and concrete. Middle link zone was tied to the 
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surrounding concrete to simulate the anchorage effect of the J-hook connectors. 
Connectors shared nodes with surface skin steel plates for analysis consistency.  
B) Element type and mesh size study 
A three dimensional eight node solid element (C3D8R) with linear distribution of 
displacement, reduced integration with hourglass control, was used for connectors, 
surface steel plate and in-filled concrete core. A hex element type with structured 
technique was used for the mesh property in order to achieve a regular mesh and hence to 
avoid element distortion and convergence problems caused by the friction restraints. 
Study on the sensitivity to the mesh size was also carried out through FE model with three 
types of mesh sizes namely coarse, medium and fine mesh. These three types of mesh are 
shown in Figs.4.38 a~c. The dimensions of these three types of mesh are: 
1) Coarse mesh size: for concrete far away from the connector is 25x25x12.5mm3, 
for concrete in vicinity of connector is 8x8x8mm3; for connector is 2x2x4mm3. 
2) Medium mesh size: for concrete far away from the connector is 15x15x8.5mm3, 
for concrete in vicinity of connector is 6x6x3mm3; for connector is 1.5x2x3mm3. 
3) Fine mesh size: for concrete far away from the connector is 12x12x6mm3, for 
concrete in vicinity of connector is 2x4x2mm3; for connector is 1x1x1mm3. 
Analysis results of FE models adopting different mesh sizes were compared with the test 
results in Fig.  4.39. Test results of ULCC1-12 and ULCC6-12 were used for this 
comparative study. From Fig. 4.39, it can be seen that finer mesh offers lower load 
capacity. FE models with medium mesh sand fine mesh exhibit better predictions than the 
model with coarse mesh. Load-slip curves of FE models with medium and fine mesh 
sizes agree better with the test ones. Including accuracy, computing efficiency is another 
concerned issue. It was observed that fine mesh will result in more element and contact 
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restraining nodes that turn to be more time-costing and more difficult to achieve 
convergence. Therefore, medium mesh is finally chosen for further analysis considering 
both accuracy and computing efficiency of FE analysis. 
4.4.3.5  Boundary condition and loading 
To achieve a more efficient solution, symmetry modeling technique is used to simplify 
the push-out test model and thus reduce total amounts of the elements. In this case, 
symmetry restraints were applied on the corresponding symmetric surfaces as shown in 
Fig. 4.37 (b).  
Displacement restraints were applied to the foot end of two exterior steel face plates that 
simulated the situation of the reaction forces provided by the support. Displacement 
loading was applied to the surface of the load cell that simulates the applied displacement 
loading transferred from the SHIMAZU test machine. 
4.4.4  FE verifications against test results 
4.4.4.1  FE verifications against push-out test results 
Six push-out test specimens namely ULCC1-12~ULCC6-12 tested by author were used 
for the verifications of this proposed FE model. The details of these specimens can be 
found in Table 4.12(a). The FE predictions of shear capacity of a pair of connectors 
denoted as FEP  are compared with corresponding test results (denoted as TestP ) and listed in 
Table 4.11. The experimental load-slip curves of ULCC1~6-12 are compared with the FE 
curves in Fig. 4.40(a)~(f). From Table 4.11, it can be observed that the differences 
between the FE predictions and test results are very small. The average ratio between FE 
prediction and test result ( TestFE PP ) is 1.02 with a standard deviation of 0.05 that implies 
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that mean FE prediction is 2% larger than the test result. From Fig. 4.40(a)~(f), it also can 
be seen that the FE load-slip curves resembles the test ones well. All the FE predictions 
can describe the structural behavior including ultimate shear strength and corresponding 
slip with an acceptable satisfactory precision. The typical failure modes of the push test 
ULCC5-12 and ULCC6-12 are compared with the FE ones as shown in Fig.  4.41 (a) and 
(b).  From these figures, it can be found that the FE model predicts the shank shear failure 
modes that are identical to the experimental failure modes. This further exhibits the 
excellent performances of the FE model on describing the failure of the specimens. 
4.4.4.2  FE verifications against tensile test results 
The tensile behavior of the J-hook connectors was assigned to the middle link beam. The 
load-slip curves of the FE model are compared with the test ones in Fig. 4.42. From this 
figure, it can be seen that the experimental load-elongation curves exhibit identical 
behaviors during the initial stage before achieving ultimate load capacity but a little bit 
different regression performances. The proposed FE model gives average predictions to 
resemble with the test ones and also shows good agreement with them. 
4.4.5  FE analysis of J-hook connectors subjected to combination of tension and 
shear forces 
The strength of J-hook connectors with ULCC core material subjected to pure shear and 
tension was studied experimentally in previous sections. However, experimental study on 
strength under combination of shear and tension is more complex and limited by the test 
apparatus and their behaviors have not been investigated.  Hence, the proposed FE model 
is herein used to analyze the strength of J-hook connectors subjected to combined tension 
and shear loads. The FE model and load action illustration is shown in Fig. 4.42. Two 
load steps, tension loading step and the followed shear loading step, were applied to the 
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specimens separately. Considering the tensile load capacity of the Ø12mm J-hook 
connectors embedded in ULCC is only about 25~30 kN, three kinds of tension load levels 
were studied, which were 7.5, 15 and 25 kN. Therefore, the tension (N)-versus-shear (V) 
curve comprises five points, among which two points were obtained from test (pure shear 
and pure tension) and the rest three points were from FE analysis. Hence, the method 
used in this paper is a semi-FE semi-test method. The FE results under different 
combination of loading conditions are listed in Table 4.12. The strength of J-hook 
connectors subjected to different shear and tension combinations are plotted in Fig. 4.45. 
4.4.6 Analytical method on strength of J-hook connectors subjected to combination 
of shear and tension loads 
Firstly, it is assumed that J-hook strength is governed by shank shear failure.  Based this 
assumption, the three dimensional (3D) stress distribution is shown in Fig. 4.44. Using 
Von-Mises criterion, the equivalent stress in the J-hook shank is   
   2 2 2 2 2 23eq x y z x y z y x z xy yz zx yf                        (4.16a) 
In most of the design codes (EC4, PCI 6th Edition and ACI 318-83), uf  is used instead of 
yf  in shear connectors. For the shear connector, considering the connectors are only 
subjected to interfacial shear and axial tension, therefore in the principal stress plane, it 
can be treated as two dimensional stress cases (shown in Fig. 4.44). Then, substitute z =0 
and 0xz yz   into Eqn.4.16a, we can get  
   2 2 23eq x y x y xy uf             (4.16b) 
Moreover, in the vicinity of connector, most of the tension or compression force will be 
transferred by surrounding concrete due to the small volume fraction of connector in total 
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cross-sectional area. Hence, the main stress along shear force direction can be neglected, 
substituting 0x  to Eqn. 4.16b, it becomes 
 2 23eq y xy uf          (4.16c) 
By defining the stress u
N
A




  , and substitute them to Eqn.16c, we can get 
22 22
3 1
/ 3uv u u v
N V N Vf or
A A f A f A
                       
  (4.16d) 
     For shank of J-hook connectors 2 / 4vA A d  , defining u u sN f A  and 
/ 3u u vV f A . Partial safety factor for tension and shear capacity of the connectors are 







          
    (4.17) 
where, 1a = partial safety factor. As specified in ACI318 (2008), PCI 6
th, and 1a = 0.75.  
However, the tensile capacity of the J-hook connectors embedded in concrete will be 
governed by several types of strength as specified in section 4.3. In that case, the N-V 
curves obtained from Eqn. 4.17 will be truncated by those strengths such as hook 
straighten, concrete breakout failure and punching shear failure of the face plates. 
Another issue is that the shear strength connector will be governed by either shank shear 
failure or concrete bearing failure as specified in Eqns. 4.6 a & b. In these cases, the 
strength of the connectors needs to be carefully checked. In this study, the strength of the 
steel shank failure will firstly be developed. The strength of the J-hook connectors will 
also be governed by those failure modes as aforementioned can be easily obtained by 
formulae in sections 4.2 and 4.3. 
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4.4.7  Strength of J-hook connectors subjected to combined tension and shear loads 
In PCI 6th Edition and ACI 318, the strength of connectors subjected to combination of 
axial tension and shear loads is shown in Fig. 4.46. The formulae describing the strength 






             





             
  (4.18b) 
Where,  nV =shear capacity of J-hook connectors embedded in ULCC and governed by 
Eqns. 4.6a&b as specified in section 4.2; JN =tension capacity of J-hook connectors 
embedded in ULCC as specified in section 4.3 by design approaches A~E including Eqns. 
4.9~4.13;   =reduction factor specified in PCI. 
The strength of the J-hook connectors subjected to tension and shear loads by the FE 
models are compared with the predictions by Eqns. 4.17 and 18 in Figs. 4. 45 and 4.46. 
From the comparisons, it can be easily observed that the Eqns. 4.17 and 18 all give 
reliable and satisfactory predictions. Therefore, the Eqns. 4.18 specified in PCI and 
Eqn.4.17 will be used to check the strength of the J-hook connectors under tension-shear 
interactions.   
In summary, a step by step procedure on applying these formulas is as follows: 
1)  Determine the longitudinal shear strength of J-hook connectors uV  by Eqn. 4.6; 
2) Determine the tensile strength of J-hook connectors nN  as specified in section 4.3 
using design Eqns. 4.9~4.13; 3)  Substituting the calculated N and V into Eqn. 4.18 or 
4.17 to check the capacity of the connector.  
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Table 4.10a Details of push-out test specimens 





















NWC-10 6 9.9 40 49.9 300 405 48.3 32.5 2400 4.04
LWC-10 6 9.9 40 49.9 300 405 28.5 12.7 1450 4.04
LWFC-10 6 9.9 40 49.9 300 405 28.1 12.6 1460 4.04
NWC-16 6 15.5 40 55.5 300 450 65 30.0 2400 2.58
LWC1-16 6 15.5 40 55.5 300 450 26.4 11.7 1440 2.58
LWC2-16 6 15.5 40 55.5 300 450 30.2 17 1700 2.58
LWC2-12 6 11.5 40 51.5 300 450 30.2 17 1700 3.48
 Dai (2008) 
 
      
HPF-10 6 10.0 40 50.0 200 610 28 12.3 1460 4.00
HPP-10 6 10.0 40 50.0 200 610 24 11.7 1440 4.00
HPF-8 6 7.9 40 47.9 200 610 28 12.3 1460 5.07
HPP-8 6 7.9 40 47.9 200 610 24 11.7 1440 5.07
 By author        
ULCC1-12 4 11.8 50 61.8 250 464 60 16.5 1490 4.23
ULCC2-12 6 11.8 50 61.8 250 464 60 16.5 1440 4.23
ULCC3-12 8 11.8 50 61.8 250 464 60 16.5 1440 4.23
ULCC4-12 12 11.8 50 61.8 250 464 60 16.5 1440 4.23
ULCC5-12 6 11.8 75 86.8 250 464 60 16.5 1440 6.35
ULCC6-12 6 11.8 100 111.8 250 464 60 16.5 1440 8.47
ULCC7-12 6 15.5 75 90.5 250 405 57 16.5 1440 4.84
ULCC8-12 6 19.5 75 94.5 250 403 57 16.5 1440 3.85
ULCC9-12 6 15.5 75 90.5 200 405 57 16.5 1440 4.84
ULCC10-12 6 19.5 75 94.5 200 403 57.8 16.5 1440 3.85
LWC1-12 6 11.8 50 61.8 250 464 25 11.5 1345 4.23
NWC1 6 11.8 50 61.8 250 464 45 37 2355 4.23
NWC2 6 12.0 50 62.0 250 464 70 39 2365 4.17
NWC3 6 15.5 75 90.5 250 405 45 37 2355 4.84
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(1) (2) (3) (4) (5) (6) 
Sohel (2008) 
NWC-10 31.0 SS 24.9 1.24 24.9 1.24 
LWC-10 20.8 CC 16.7 1.25 17.1 1.22 
LWFC-10 22.3 CC 16.5 1.35 16.9 1.32 
NWC-16 68.5 SS 67.9 1.01 67.9 1.01 
LWC1-16 43.9 CC 36.0 1.22 38.7 1.13 
LWC2-16 46.5 CC 44.4 1.05 49.9 0.93 
LWC2-12 33.1 CC 25.6 1.29 27.5 1.20 
 Dai (2008)  
HPF-10 24.0 CC 16.7 1.44 17.0 1.41 
HPP-10 21.0 CC 15.6 1.34 15.4 1.37 
HPF-8 15.0 CC 10.8 1.40 10.6 1.42 
HPP-8 15.0 CC 10.1 1.49 9.6 1.57 
 By author     
ULCC1-12 46.8 CC 32.9 1.42 40.2 1.16 
ULCC2-12 42.1 CC 32.9 1.28 40.2 1.05 
ULCC3-12 44.2 CC 32.9 1.34 40.2 1.10 
ULCC4-12 48.6 CC 32.9 1.48 40.2 1.21 
ULCC5-12 51.2 SF 35.0 1.46 40.2 1.27 
ULCC6-12 51.6 SF 36.6 1.41 40.2 1.28 
ULCC7-12 55.1 SW 57.1 0.97 61.1 0.90 
ULCC8-12 86.6 SW 87.2 0.99 96.2 0.90 
ULCC9-12 60.8 SW 57.1 1.06 61.1 0.99 
ULCC10-12 81.3 SW 87.5 0.93 96.2 0.84 
LWC1-12 24.2 CC 22.0 1.10 21.7 1.12 
NWC1 47.5 SS 40.7 1.17 40.6 1.17 
NWC2 57.0 SS 42.0 1.36 42.0 1.36 
NWC3 64.2 SS 61.1 1.05 61.1 1.05 
NWC4 70.5 SS 61.1 1.15 61.1 1.15 
   Mean 1.24  1.21 
   COV 0.14  0.16 
* CC=concrete crack failure; SF=shear failure cross the shank; SW=shear failure cross 
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/FE TestP P  
ULCC1-12 93.56 91.48 0.98 
ULCC2-12 84.18 91.40 1.09 
ULCC3-12 88.43 93.37 1.06 
ULCC4-12 97.19 96.4 0.99 
ULCC5-12 102.42 107.64 1.05 
ULCC6-12 103.30 101.13 0.98 
Mean/Stdev - - 1.02/0.05 
Table 4.12 Detailed information and FE results of FE models  
Specimen 
ch  ckf  st N V  V   


















    7.5 - 40.60 
    15.0 - 38.02 
    25.0 - 29.50 
    51.0 - 0.00 
NV2 100 60 6 0.0 42.09 45.60 
    7.5 - 38.34 
    15.0 - 35.92 
    25.0 - 28.68 
    51.0 - 0.00 
NV3 100 60 8 0.0 44.22 46.69 
    7.5 - 37.62 
    15.0 - 34.99 
    25.0 - 27.70 
    51.0 - 0.00 
NV4 100 60 12 0.0 48.59 48.20 
    7.5 - 38.60 
    15.0 - 35.75 
    25.0 - 28.40 
    51.0 - 0.00 
NV5 150 60 8 0.0 51.21 53.82 
    7.5 - 41.00 
    15.0 - 37.91 
    25.0 - 29.65 
    51.0 - 0.00 
NV6 200 60 8 0.0 51.65 50.57 
    7.5 - 41.20 
     15.0 - 38.29 
    25.0 - 30.22 
    51.0 - 0.00 
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Fig. 4.31 Comparisons between the push-out test results and predictions 
 
Fig. 4.32 load-slip curves of push-out test    Fig. 4.33 Load-elongation curve of pullout test 
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(a) Effect of μ on load-slip behaviors   (b) Effect of μ on load-slip behaviors     (c)  Effect of μ on load capacity 











             
(a)  Illustration of simplification of push-out test specimen in FE simulation   (b) ¼ symmetric FE model for push-out test 
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Fig. 4.38a Coarse mesh size   Fig. 4.38b Medium mesh size       Fig. 4.38c Fine mesh size 
Fig. 4.38 Different mesh size used in the FE model 
   
(a) Effect of mesh size of ULCC1-12       (b) Effect of mesh size on ULCC6-12 
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Fig. 4.40a     Fig. 4.40b 
 
Fig. 4.40c     Fig. 4.40d 
 
Fig. 4.40e     Fig. 4.40f 






















































































































Chapter 4 Behavior and Strength of Shear Connectors in SCS Sandwich Structures  
 
‐ 174 -   
 
  
(a) ULCC5-12 Test and FE failure        (b) ULCC6-12 Test and FE failure 
Fig.  4.41 Comparison of failure modes between test and FE simulation 
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Fig. 4.44 3D and 2D stress illustration in shank of J-hook 
 
Fig. 4.45 Tension-shear interaction strength of connectors 
 












































          
Tensile strength of  
J-hook connectors 
embedded in ULCC 
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4.5  Summary 
In this chapter, the strengths of J-hook connectors that are used in SCS sandwich structure 
have been widely studied. The shear and tensile strengths of J-hook connectors were 
experimentally studied in section 4.2 and 4.3, respectively. In section 4.3, the strength of 
J-hook connectors under combined shear and tensile loads were studied by FE method. 
From these experimental, analytical and FE investigations, some findings and 
achievements are summarized as below: 
1) From the push out tests, it was observed that the embedding depth to diameter 
ratios significantly influenced the failure modes as well as shear strength of the J-hook 
shear connectors. Diameter of the connector increased the load bearing area and thus 
increased the shear strength of the connector. Strength of the concrete increased the 
concrete bearing strength of the connectors as well as changed the failure modes of the 
connectors. Based on the regression analysis of the push out test results, design formulae 
were proposed to predict the shear strength of the J-hook connectors embedded in NWC, 
LWC and ULCC, which is 
0.154
0.265 0.4690.855 cJ ck c s
hP f E A
d
       
  (4.6)
 
Design formulae on describing the load-slip behaviors of the J-hook shear connectors was 
also developed based on the regression analysis of the test ones by Eqn. 4.8. The most 






A B for NWC
P A where A B for LWC
P B
A B for ULCC


      
 (4.8a) 
2) The tensile strength of a pair of J-hook connectors in the SCS sandwich composite 
structures were investigated by the tensile tests. Through the 69 tensile tests on the J-hook 
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connectors embedded in different core materials, it was found that: a) Higher grade 
concrete and adding fibers increased the tensile strength of the concrete and therefore 
increased the tension capacity of the J-hook connectors that failed in concrete breakout 
failure; b) Larger diameter connectors increased the anchoring length in the concrete and 
tensile strength of the steel shank that lead to higher tension capacity of the connectors; c) 
Increasing the embedment depth of the connector increased the shear surface of the 
breakout failure that increased the tension capacity of the connector. Moreover, this also 
changed the failure modes of the connector; d) For specimens with certain a certain 
diameter connector, larger /D d  ratio increased the anchorage length of the connectors 
increased the hook straighten strength. This also influenced the failure modes of the 
structures. Based on the test results and design formulae in different design codes, design 
methods on predicting tension capacities of a pair of J-hook connectors were developed. 
The tension capacity of a pair of J-hook connectors was determined by the lest of 
concrete breakout strength of failed concrete cone surface, hook straighten strength of the 
J-hook connector, ultimate tensile strength of the connector’s shank, and punching shear 
strength of the steel face plate in the vicinity of the connector. The developed design 
approaches to calculate the tension capacity of the J-hook shear connectors were shown in 
section 4.3.4.3. 
3) The strength of the J-hook shear connectors under combined shear and tension 
loads was studied by the FE and analytical method. The proposed FE model was verified 
against by the push out test results and tensile tests on the J-hook shear connectors, 
respectively. Through the verifications, the FE model showed fine agreements with both 
the push out test results and tensile test results. The ultimate failure strengths, load-slip 
behaviors and load-elongation behaviors by the FE model all agree well with the 
experimental ones. A pair of shear and tension strength of the J-hook connectors was 
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obtained through FE analysis. For each analysis, five pairs of the shear and tension load 
carrying capacities were obtained. All these obtained strengths were checked by the 
design formulae in PCI (Eqn. 4.18). It was found that the design formulae Eqn. 4.18 were 
capable of predicting the strength of the J-hook connector under combined shear and 
tension forces both in reliability and accuracy. The analytical analysis was also carried 
out and design formulae were also developed to predict the strength of J-hook connector 
under combined loads. From the verifications, it was found that both the PCI formulae 
Eqn. 4.18 and developed analytical one Eqn. 4.17 could offer design guidelines on 
strength of J-hook connectors under combined loads. Finally, design approaches were 
recommended for the J-hook shear connectors under combined shear and tension forces 
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CHAPTER 5  STRENGTH OF STEEL-CONCRETE-
STEEL SANDWICH COMPOSITE BEAMS WITH 
ULTRA LIGHTWEIGHT CEMENTITIOUS 
COMPOSITE (ULCC) 
5.1  Introduction 
SCS sandwich structure employing the lightweight cementitious core sandwiched 
between face plates has versatile offshore and civil applications such as ship hull 
components, offshore platform and composite slabs for tall buildings due to its excellent 
cost-efficient performances (Sohel, 2008; Dai, 2008). Several representative types of 
connectors have been proposed and applied in SCS sandwich structures as shown Fig. 5.1. 
In order to reduce self-weight, lightweight concrete has been considered and used in civil 
and offshore domain such as marine structures, long-span bridges, floating structures and 
offshore platforms. Lightweight concrete with a density of 1450 kg/m3 and compressive 
strength of 30 MPa was developed and used in SCS sandwich composite structures (Liew 
and Sohel, 2009; Dai, 2009). More recently, ULCC was developed (Chia, 2011). This 
new material exhibits many advantages over the previous lightweight core material. This 
new material shows extensively potential application in the SCS sandwich composite 
structures.  
In this chapter, the research objective is to develop a slim lightweight SCS sandwich 
composite structure to be used in marine and offshore structures. Traditional headed shear 
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studs and novel J-hook connectors are used in the SCS sandwich beams to achieve 
composite action. ULCC is chosen as the core material for SCS sandwich composite 
structure to reduce self weight. Push-out and tensile tests are carried out to obtain the 
shear and tensile strength of the J-hook shear connectors respectively and further verify 
the developed formulae in chapter 4. In order to evaluate the structural performances of 
this new type of SCS sandwich composite structures, 18 SCS sandwich composite beams 
using headed studs and J-hook connectors are tested under one-point or two-point loading. 
Parameters influencing strength of the beams are studied. Analytical methods are also 
developed to predict the strength of the sandwich beams and the predictions by these 
formulae are verified against the test results. Moreover, a FE model is also developed to 
simulate the structural performances of SCS sandwich composite beams with J-hook 
connectors. The FE model is verified against the test results.  
5.2  Experimental Investigation 
5.2.1  In-filled core material 
5.2.1.1   Ultra lightweight cementitious composite (ULCC) 
As introduced in Chapter 4, the basic property of the ULCC is summarized in Table 4.3. 
Fig. 5.2 shows compressive stress-strain curve of the ULCC.  
5.2.1.2  Lightweight concrete (LWC) 
LWC with expanded clay type of lightweight both coarse and fine aggregates has been 
developed and used in SCS sandwich structures (Liew and Sohel, 2009; Dai, 2009). This 
developed lightweight concrete has a density of 1450 kg/m3 and a compressive strength 
of around 30 MPa. The maximum diameter of the aggregate is 8 mm. The lightweight 
aggregate Liapor with an average particle density of 1000 kg/m3 was used to reduce the 
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unit weight. Typical stress-strain curve of LWC is shown in Fig. 5.2. 
5.2.1.3 High performance concrete (HPC) 
In order to investigate the effect of concrete strength on load carrying capacity of the 
beams, HPC was used as in-filled core in two specimens. The HPC has a high 
compressive strength of 180MPa and a density of 2470 kg/m3. The stress-strain curve of 
HPC is shown in Fig. 5.2.  
5.2.2  SCS sandwich composite beams and test setup 
Present research objective is to investigate the static performances of SCS sandwich 
composite beams employing ULCC and different types of mechanical connectors, i.e. J-
hook connectors and headed shear studs. Two series of beams with nine specimens in 
each series were designed with the same cross section-200 mm in width and 100 mm in 
height. Three kinds of spans-0.5, 1.1 and 1.6 m were investigated. Three different 
thicknesses of steel paltes-4, 6 and 12mm were used to investigate the influence on the 
strength of sandwich beams. Varying spacing of the connectors changes the quantity of 
the connectors and thus affects the shear strength of the structure. Three kinds of spacing-
100, 150 and 200 mm were used to investigate this influence. Changing concrete strength 
directly changes the shear strength of the concrete. Three grades of core material were 
used in the beams. The details of all the beams are listed in Table 5.1. The test setup and 
layout of the specimens are shown in Fig. 5.3. 
5.2.3  Strength of mechanical shear connector 
Two types of shear connectors were used in the beam tests i.e. headed studs and J-hook 
shear connectors. For the headed studs, formulae in EC2, ACI or PCI were available to 
predict the shear strength. Formulae in ACI 349 or PCI are usually used to predict the 
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tensile strength of the shear connectors. In Chapter 4, the formulae for strengths of the J-
hook connectors embedded in different core materials have been developed. Design 
approaches on tensile strength of the shear connectors were also developed in Chapter 4. 
In this chapter, eight push out tests and nine tensile tests were carried out to obtain the 
shear and tensile strength of the J-hook shear connectors, respectively. Furthermore, the 
formulae proposed in Chapter 4 were verified by these tests.  
5.2.3.1 Push out test setup 
By the same method used in Chapter 4, eight specimens were prepared for push out test. 
The details of the specimens are shown in Table 5.2. Six Ø100x200mm cylinders were 
prepared to obtain the core material properties (shown in Table 5.2). Push out test setup 
of J-hook connectors is shown in Fig. 5.4. A spherical bearing and a 100 mm thick steel 
plate were used to transfer the applied push forces uniformly from the actuator to the 
concrete block. Four LVDTs were used to record interfacial slip between the concrete and 
steel face plates.   
5.2.3.2  Tensile test setup 
Using the same material and connector as the used in the sandwich beams, nine tensile 
tests were carried out to obtain the tensile strength of a pair of directly interlocked J-hook 
shear connectors. The test setup used in Chapter was used for the tensile test as shown in 
Fig. 5.5. Details of the specimens for tensile test are shown in Table 5.3. 
5.3  Analytical analysis on strength of SCS sandwich composite structure 
5.3.1  Key concept 
In composite SCS sandwich composite structures, top steel plate and top part of core 
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material tend to be under compression whilst the bottom steel plate and bottom part of 
concrete are under tension when it is under hogging moment. Longitudinal shear forces at 
the interface between the steel skin and core material are transferred through mechanical 
connectors or cohesive materials. The shear resistance of the beam section comprises 
shear strength of concrete and shear strength of shear connectors or reinforcements 
linking the shear cracks in the concrete core.  In this chapter, the overlapped headed studs 
and J-hook connectors used in SCS sandwich beams act as shear reinforcements in RC 
structure. The vertical shear resistances of the connectors are determined by their tension 
capacities in the core material, which can be obtained from direct tensile test or by design 
approaches proposed in Chapter 4. The overlapped shear studs, namely Nelson studs 
widely used in steel-concrete composite constructions, are easy to obtain from the market 
and can be fast installed by spot welding gun. The introduced J-hook connectors, made by 
bending the rod bars into the hook shape, transparently reduce the costs on both material 
and fabrication. From previous study, it was observed they exhibit close structural 
performances. 
5.3.2  Strength of mechanical connectors 
Mechanical connectors are the basic component to the SCS sandwich structure. Because, 
they not only provide longitudinal shear strength but also provide the vertical shear 
strength. These two strengths can be obtained from the push- or pull- out tests or design 
approaches developed in chapter 4. 
5.3.2.1  Shear strength of connectors 
For headed shear studs, this strength can be calculated according to EC4. The strength of 
the headed shear studs is governed by shank shear strength and concrete bearing strength 
of the connector that are calculated by formulae as follows; 
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2 2
, 0.8 / 4 or 0.29 /Rd S u v ck cm vP f d d f E   
    
(5.1a) 
For the J-hook shear connectors, shear strength of the connectors is calculated by Eqn. 4.6, 
 
0.154
0.265 0.469/ min 0.855 , 0.8cJ s ck c u
hP A f E f
d
         
   (5.1b) 
5.3.2.2  Tension capacity of connectors embedded in concrete 
Mechanical connectors acting as shear reinforcements in reinforced concrete structure 
bridge the shear cracks in the concrete core and thus provide the shear resistance of the 
structure. This shear contribution is determined by tensile strength of them embedded in 
the concrete core. 
There are two existing philosophies to calculate the strength of concrete breakout failure 
namely 45° cone method and the concrete capacity design (CCD) method (shown in Fig. 
5.6). The formulae used to calculate the tension capacity of the connectors were 
illustrated in Chapter 4, section 4.3.4.3. The minor value of the following strengths 
governs the tensile strength of the connectors; 
A) Concrete breakout strength 







AP k f h
A
      (5.2a) 
B) Connector pullout strength (local bearing and hook straighten strength) 
The pullout strength of the connector is govern by 
,pn c p PP N      (5.2b) 
For headed shear stud connectors 
=8P brg ckN A f      (5.2c) 
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For J-hook shear connectors 
=0.9P ck hN f e d      (5.2d) 
C) Tensile strength of the shank 
The ultimate tensile strength of the steel shank is  
TS se utP A f      (5.2e) 
D) Punching shear strength of the face plate 
The punching shear strength of the face steel plate around the connector is defined as 
following 
/ 3 2 / 3TV v u uP A f dtf      (5.2f) 
5.3.3 Moment resistance of sandwich beam 
5.3.3.1  Elastic approach 
In order to develop full composite action, enough shear connectors should be provided to 
achieve yield strength of tensile plate. In a full composite structure, the theory of normal 
reinforced concrete structure can be used to calculate the strength of the beam.  
Several assumptions were made for the SCS sandwich composite beams as follows: a) 
plane section remains plane; b) ignoring tensile strength of the concrete; and c) linear 
strain distribution along the cross section of beam. The forces acted on the beam section 
are shown in Fig. 5.7(e). The result forces acted on the beam section is  




h x tN E t
x
   the tensile force in steel face plate; / 2ccs c sx tN t E Bx 

compressive force in the face steel plate; 
1
2cc c
N xBE   compressive force of concrete in 
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compressive zone;  =strain at the top compression fiber of the concrete. 
The strain distribution and stress illustration of the section is shown in Fig. 5.7. Based on 
Eqn. (5.3), the neutral axis can be easily searched by 
     
2 2 22
/
c t c c c t
c t
t t k t h t t
x t t k
k
          (5.4) 
where, /c sk E E  is the ratio of elastic Young’s modulus of concrete to steel plate.  
Moment capacity of the section can be taken about the action line of compressive strength 
of concrete as shown in Fig. 5.7 (d). The moment capacity of the section is  
2 3 2 3
t c
e t t c c c
t tx xM Bt h Bt                   (5.5) 
where, t = tensile stress in bottom steel plate; c =compressive stress in top steel plate 








          (5.6a) 








         (5.6b) 
Case 2) If strain in concrete achieves the limit of elastic strain  i.e. strain at the stress of 






E h x t
E x t
          (5.6c) 
Therefore, submitting Eqn. (5.6b) into Eqn. (5.5), the maximum moment capacity of 
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the beam section for bottom steel plate yield will be 
/ 2
2 3 / 2 2 3
t c c
y y t c y c
c t
t x t tx xM f Bt h f Bt
h x t
                 (5.7a) 
Submitting Eqn. (5.6c) into Eqn. (5.5), the maximum moment capacity for concrete 
crushing will be 
/ 2
/ 2 2 3 2 3
cu c t t cu c
y t c c
c
h x t t tx xM Bt h Bt
k x t k
                    (5.7b) 
Above formulae are developed by full composite assumption that means generated yield 
forces in face plate should be taken and transferred to core material by mechanical 
connectors. It means that minimum quantity of connectors is required as following 
/f y t Rdn f Bt P       (5.8) 
Otherwise, partial composite action will be achieved. Therefore, the tensile forces in face 
plate will be  
s t t RdT Bt nP        (5.9) 
Hence, Eqn. (5.5) may become 
/ 2
2 3 / 2 2 3
t c c c
y Rd c
t c t
t t x t tx xM nP h
t h x t
                     (5.10) 
5.3.3.2  Plastic approach 
The maximum flexural strength of SCS sandwich beams can be derived by assuming all 
the materials of the section are fully plastic developed and achieve their maximum 
strength. A rectangular block stress for the concrete is assumed. Tension or compression 
in face plate will be governed by the lesser of steel yield strength or resultant longitudinal 
shear strength of the connectors. Compressive strength of concrete block is calculated 
accordingly to EC2 by 
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  cc c ckN B x f       (5.11) 
where,  =factor defining the effective height of the compression zone 
 0.8 for 50 MPa; 0.8 50 / 400 for 50 90 MPack ck ckf f f        ; 
=factor defining the effective strength of concrete 
 1.0 for 50 MPa; 1.0 50 / 200 for 50 90 MPack ck ckf f f        . 
According to Eqn. (5.3), the neutral axis (NA) position can be found by resultant force of 
the cross section equals zero. Submitting t y tN f Bt , cs y cN f Bt and Eqn. (5.10) into Eqn. 
(5.3), the neutral axis location can be found as follows 
   /c y t c ckx f t t f       (5.12) 
By taking moment at the center of the concrete block center, plastic moment capacity of 
the cross section becomes 
2 2 2 2
t c c c
p y t c y c
t x t xM f Bt h f Bt                  (5.13) 
If the beams are fully composited, the sandwich beams can be treated as under-reinforced 
concrete beam due to equal thickness and strength of the face plates. As the bending 
moment acted on the cross section increases, the neutral axis of beam section will move 
towards the top compressive fiber, which will increase the cross sectional moment 
carrying capacity of the beam. The tensile face plate will yield and the neutral axis will 
finally moves to the bottom fiber of the compressive face plate when the SCS beams 
achieve their maximum moment capacities. The  cx  will be close to zero. Submitting 
c tt t t   into Eqn. (5.13), the moment capacity of the section will be 
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 max y t cM f Bt h t        (5.14) 
Eqn. (5.14) is based on full composite assumption. If the SCS sandwich beam is partially 
composite, the tensile and compressive strength of the face plates will be governed by the 
longitudinal shear strength of the connectors.  Hence, the new neutral axis position cx
 
and 
moment capacity need to be modified by 
   /c t cs ckx N N Bf       (5.15) 
2 2 2 2
t c c c
p t c ck c
t t t xM N h B f x                   (5.16) 
where, t t RdN n P , cs c RdN n P . 
 If the bottom and top face plates were designed with the same quantity of the mechanical 
connectors, maximum forces in two face plates will be t cs RdN N nP   and cx  equals 




t tM nP h            (5.17) 
5.3.4  Transverse shear resistance of sandwich beam 
Transverse shear resistance of the SCS sandwich beam consists of shear resistance of 
filled core material and shear resistance of overlapped connectors or directly interlocked 
J-hook connectors. Transverse shear resistance of SCS sandwich composite section is 
specified in EC4 and EC2 as follows 
u c sV V V       (5.18) 
where, uV
 
is transverse shear resistance of SCS sandwich beam; cV
 
is shear resistance of 
concrete; and sV
 
is shear resistance provided by mechanical connectors. In EC2, cV
 
is 
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given by 
 1/3, 1 1100c Rd c ck cV C k f Bh          (5.19a) 
where, 1 200 / 2.0ck h   with ch  in mm; 1 / 0.02t ct h   ; , 0.18 /Rd c cC  for 
normal weight concrete and , 0.15 /Rd c cC  for lightweight concrete;  for tensile strength 
reduction coefficient 1 0.40 0.60 / 2200u   , u is density of the lightweight concrete in 
kg/m3. 
Considering the appearance of the face skin steel plate, the effective depth of the beam 
needs to be modified as 
/e c s s ch h t E E 
   
   (5.19b) 
The shear resistance provided by the presence of headed stud connectors and J-hook 
connectors is calculated by: 
0 /s c cV n P h S      (5.20) 
where, cP =direct tensile strength of a pair of overlapped headed studs or J-hook 
connectors embedded in core material; S = spacing among the connectors, in mm.  
The design formulas from different design guidelines were illustrated in Table 5.4.  
5.3.5   Deflection 
Applied moments and shear forces will produce flexural and shear deflections of the 
structure, respectively. Under service limit state, most of the SCS sandwich structures 
will be far below the maximum load carrying capacity and all the components deform 
elastically. It was also observed from the previous test results that the flexural stiffness 
was significantly influenced by the interfacial slip between the face plates and core 
concrete (Roberts et al., 1996). Roberts et al. (1996) recommended a solution to get 
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deflections in partial composite SCS sandwich structures by using the reduction factor to 
the width of the face plate. These reduction factors for tension and compression face 






n K Bt E L






n K Bt E L
       (5.21b) 
where, tK  and cK are the elastic stiffness of shear force-slip curves of the mechanical 
connectors attached to tension and compression face plates, which can be obtained from 
push test or by the following empirical formulae (Shim et al., 2004) 
 max0.16 0.0017 c
PK
d f
       (5.21c) 
Central deflections caused by the one point or two points loading are calculated by Eqns. 
(5.22 a & b) in the followed table. Deflections caused by shear forces are calculated by 
Eqns. (5.23 a & b). 




















       (5.23b) 
where, D  is flexural stiffness of the sandwich section and herein is s eqD E I ; eqI  is 
equivalent moment inertia of the cross section of SCS sandwich beam and is given by 
2 23 3 3
12 2 3 12 2
c c c c c t t t
eq c c c t t c c
Bk t t Bk x Bk t tI Bk t x Bk t h x                   (5.24) 
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G h BS        (5.25) 
where, s is the shear factor and adopted as 1.2 for rectangular section;  'cG  is the 









t tE h E e
         
   (5.26) 
where,   / 2c c te h t t    is the distance between center of the top and bottom face plate; 
  is shear modulus reduction factor accounting concrete crack and herein adopted as 0.95 
(Sohel, 2008; Oehlers and Braford, ). 
Therefore, total deflection of the beams can be expressed as follows 
1)  For one point loading:   
3
48 4T m v
PL PL
D S
          (5.27a) 
2)   For two-point loading: 
33 3
6 4 2T m v
PL a a Pa
D L L S
                  (5.27b) 
Another method is recommended by Roberts et al. (1996). The deflection of partial 
composite SCS sandwich beams is calculated by 
  max1part full no full             (5.28) 
where, full , part , no  are deflections of the fully composite, partial composite and no 
composite action SCS sandwich beams, respectively; the coefficient   is taken as 0.4; 
max  is degree of shear connection in which max =0 is for no shear interaction and max =1 
is for full composite case. The flexural stiffness of the partial composite section is 
calculated as follows 
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  c c s snoEI E I E I       (5.29) 
where, Ec=elastic modulus of concrete; Ic=moment inertia of the concrete in the section; 
Es=elastic modulus of the steel; Is=moment inertial of steel plate in the section. 
5.3.6  Strength of beam under combined bending moment and transverse shear 
The SCS sandwich beams tend to subjected to combination of bending moment and 
vertical shear force. In that case, the general interaction formula is usually used to check 
the load carrying capacity of the beam. The following formula proposed by Roberts et al. 








                (5.30) 
where, uV and maxM are the calculated shear and bending moment capacity of the beam 
section by the above equations, respectively; V and M are the shear force and bending 
moment acted on the checking section of the beam; R is the index of the strength.  
5.4  Push out test and tensile test results 
5.4.1  Push out test results 
The ultimate shear strength of one connector and failure modes of the specimens obtained 
from the push out test are shown in Table 5.6. Push test results were also compared with 
predictions by Eqn. (5.1a) and (5.1b) and shown in Table 5.6. The predictions by EC4 and 
formula proposed by the author in Chapter 4 are compared with the test ones in Fig. 5.8. 
Typical load-slip curves are shown in Fig. 5.9. Moreover, the predicted generalized P 
curves by the formulae proposed in Chapter 4 (Section 4.2) are compared with the test 
ones as shown in Fig. 5.9. From the comparisons of the curves in Fig. 5.9, it can be seen 
that the proposed design formulae in Chapter 4 offers conservative predictions with the 
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test ones. Three types of failure modes were observed from the test that are concrete 
bearing failure, shear failure cross the shank of the connector and shear failure cross the 
welding toe of the connector. These observed failure modes are shown in Fig. 5.10. 
From Table 5.6, it can be found that the EC4 method gives closer predictions to the test 
ones compared with proposed formulae Eqn. 5.1(b), but the EC4 offers more unsafe 
predictions than those by Eqn. 5.1(b). The average test-to-prediction ratios are 1.10 with 
COV of 0.13 for EC4 method and 1.27 with a COV of 0.16 for Eqn. 5.1b, respectively. 
The EC4 offers predictions with a confidence of about 80% compared with predictions 
with a confidence of about 90% by the proposed formula Eqn. 5.1(b). The proposed 
formula gives more reliable prediction. 
5.4.2  Pull out test results 
Three types of failure modes were observed from the pull out test that are hook 
straightened, concrete crack and shank tension failure (as shown in Fig. 5.11). Typical 
load-elongation curves are shown in Fig. 5.12. The five proposed design approaches 
proposed in section 4.3 for calculating tensile strength of the J-hook shear connectors are 
used to predict the pull out strength of the J-hook shear connectors. All these predictions 
are verified against the test results in Table 5.7. Scatters of the test-to-prediction ratios by 
the five approaches are shown in Fig. 5.13. From Table 5.7 and Fig. 5.13, it is found that 
all these proposed design approaches provide fine agreement with the test results with 
acceptable precision and reliability. The average test-to-prediction ratios are 1.40, 1.32, 
1.54, 1.55, and 1.22 with corresponding COV of 0.22, 0.25, 0.24, 0.24, and 0.26 for 
approaches A~E, respectively. This further verifies the reliability of the proposed design 
formulae to predict tensile strength of the shear connectors in ULCC.  
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5.5 Beam test results and discussion 
Test results of the SCS sandwich composite beams are described by 1) Load-deflection 
behaviour; 2) failure modes and deformed shape; 3) maximum load carrying capacity; 4) 
effects of the investigated parameters. 
5.5.1  Load deflection behaviour 
Load-deflection curves of SCS sandwich beams designed with different parameters are 
shown in Fig. 5.14. From the load-deflection curves, it exhibits three main types of 
behaviors corresponding to different failure modes. The first type of behavior of load-
deflection curve occurred to beams J7, J2-3, B7 and B2-3. From the curve, it can be seen 
that the strength increases linearly to around 70% of the maximum value as the central 
deflection increases. After that, the increasing rate of the load carrying capacity decreases 
significantly but the strength still keeps increasing with large deflection developed. The 
central deflections even achieve extremely high values of about 70mm. The load-
deflection curves exhibit a plateau. The second type of load-deflection curves combine 
the first and second types that occurred to beams J6 and B6. These three types of load-
deflection curves correspond to different types of failure modes. The third typical load-
deflection curve occurred to the rest beams. The strength of the beam increases almost 
linearly up to the maximum value as deflection increases. Then, the curve exhibits a sharp 
drop after the maximum value.  
5.5.2  Failure modes & maximum loads  
Maximum loads and failure modes observed from the test are listed in Table 5.9. Three 
main failure modes observed from the tests were flexural failure, vertical shear failure and 
connector failure. Typical flexural failure and vertical shear failure are shown in Fig. 5.15 
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and Fig. 5.16, respectively. Connector failure modes are shown in Fig. 5.17. In the 
flexural failure, micro vertical cracks were observed to be developed from the bottom 
flange to the top flange. The tension steel plate yielded and the structure exhibited a large 
deformation. For the vertical shear failure, the diagonal shear cracks were observed in the 
core material linking the bottom and the loading point. At the final stage, the main shear 
cracks were observed to link the loading point and the support. For the combined failure 
mode, micro cracks were firstly developed in the pure bending region from the bottom 
flange to the top. After that, the structure exhibited a certain degree of ductility with a 
large deflection developed. Finally, the beams failed in shear modes. 
5.5.3  Effect of shear span-to-beam thickness ratio 
Three types of shear span-to-slab thickness ratios (L/H, L is span; H is depth) were used 
for beams both in B series and J series. The investigated L/H ratios were 2.3, 3.4 and 6.1 
for beams B2-1, B6 and B7 respectively. The same ratios were set to J2-1, J6 and J7 
respectively. The load carrying capacities of the beams are listed in the Table 5.9. The 
effect of the shear span on the strength of the beam is shown in Fig. 5.14(a).  
The section of the beam is usually under combined bending moment and vertical shear 
force when the concentrated load is applied to the beam. The bending moment acted on 
the section is greatly influenced by the shear span due to its changing on the level arms of 
the force. From Fig. 5.14(a), it can be seen that the failure modes of the beams in both B 
series and J series change from typical shear failure to the flexural failure when the L/H 
ratio increases from 2.3 to 6.1. For beams B6 and J6, a combined shear and flexural 
failure occurred to them due to their intermediate shear span-to-beam thickness ratios. 
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5.5.4  Effect of thickness of the steel face plate 
Steel plates with three different thicknesses 4, 6, and 12 mm were used for beams B1, B2-
1, and B3 respectively. Steel plates with the same thicknesses were used for beams J1, J2-
1 and J3 respectively. The material properties of the steel plates are given in Table 5.1. 
The load-deflection curves of the beams investigating this influence are plotted in Fig. 
5.14(b) & (c). The ultimate strength and failure modes of these beams are illustrated in 
Table 5.9.  
Based on these information in Figs. 5.15 (b) and (c) and Table 5.9, several observations 
and remarks are given as follows: 
1) Using higher thickness steel plate is an effective way to improve the shear 
strength of the structure. This can be explained by that the thickness of the steel plate 
increases the effective depth of the cross section.  The effective depth of the beam can be 
calculated by Eqn. (5.19b). According to this formula, the relationship between the 
ultimate strength of the beam and effective depth of the beam section is linear. This linear 
relationship is shown in Fig. 5.14 (d). 
2) The load carrying capacity of the beam increases by about 10% when the 
thickness increases from 4 to 6 mm for beams with headed shear connectors whilst this 
increment is around 20% for beams with J-hook shear connectors. When the thickness of 
the surface plates increase from 6 to 12 mm, the load carrying capacities of the beams 
increase by 90% and 59% for beams with headed shear studs and J-hook connectors, 
respectively. All these increments in shear strength of the beam were caused by the 
thickness of the steel face plates that increased the effective depth of the beams. 
5.5.5  Effect of core material strength 
Limited by the single strength of the ULCC, in order to investigate the influence of 
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strength of the in-filled core material to the load carrying capacity, three different grades 
but different types of core material were used in the SCS sandwich beams that are ULCC 
(fck =60 MPa), a lightweight aggregate concrete (LWC) (fck =25 MPa) and HPC (fck =160 
MPa). The influence of the core material on the global load-deflection curves is shown in 
Fig. 5.14 (e). 
From Fig. 5.14(e), it can be seen that increasing strength of the core material not only 
increases the load carrying capacity of the beams but also improves the ductility (see 
load-deflection curves of beams B2-3 and J2-3 in Fig. 5.14(e). This phenomenon can be 
explained by that the higher strength core material leads to higher tensile strength and 
compressive strength. These higher strengths increase higher longitudinal shear strength 
and tensile strength of the connectors. Moreover, higher strength concrete also provides 
higher compression force of the concrete that leads to larger bending moment capacity of 
the beam section. All these increments finally increase both shear resistance and bending 
moment capacity of the structure. These increased strengths change the failure modes of 
the beam from the shear failure to flexural bending failure. From Fig. 5.14(e), it can be 
observed that the ductility of the beam with HPC is increased by more than five times 
compared with the beam with ULCC.  
The relationship between the ultimate shear strength and the strength of the core material 
is shown in Fig. 5.14(f). From this figure, it is found that the shear strength of the beam is 
proportional to 0.5 times of the core material’s compressive strength. This observation is 
consistent with the design specifications in ACI 318 where it also specified that the shear 
strength is also proportional to 0.5 times of the cylindrical compressive strength of the 
concrete.  
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5.5.6 Effect of spacing of the shear connectors 
Beams with connectors’ spacing of 100 mm, 150 mm, and 200 mm are tested in order to 
investigate this influence. B2-1, B4, and B5 in B-series and J2-1, J4, and J5 in J-series 
beams were set for the influence of the spacing of the connectors. The test results are 
shown in Table 5.9 and the load-deflection curves are plotted in Fig. 5.14 (g) & (h).  
Specimens with connectors in 100 mm spacing exhibited close ultimate load carrying 
capacities to the specimens with 150 mm spacing of connectors (See Table 5.9). This is 
because that the quantity of shear connectors is the same in these two beams that 
contributes to the shear resistance within each shear span (i.e. from support to load point). 
From Fig. 5.3, it can be found that the specimens contain four pairs of connectors linking 
the shear crack in each shear span for specimens with 100 and 150 mm spacing 
connectors. However, this quantity of the specimens with 200 mm spacing connectors 
becomes two as shown in Fig. 5.3. Indeed, it is the quantity of connectors in the shear 
span that directly influences the shear resistance of the sandwich composite beams. The 
influence of the spacing of the connectors on the strength of the beam takes effect through 
changing the quantity of the shear connectors contributing to the shear resistance to the 
beam. 
5.6 Finite element analysis on SCS sandwich composite beams with J-hook shear 
connectors 
5.6.1 General 
Finite element analysis is an effective mean to analyse the structural response of the SCS 
sandwich composite beams. In this section, a three-dimensional (3D) FE model was 
developed to simulate the static tests on the SCS sandwich beam with the J-hook shear 
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connectors. This proposed model simplifies the complex geometry of the J-hook shear 
connectors. This simplification greatly reduced the contact pairs between the connector 
and the concrete core, reduced the quantity of the elements, and improved the 
convergence of the solution. ABAQUS/CAE is used to build this 3D FE model. General 
ABAQUS/Standard solver is used for the solution. The ABAQUS/Standard solver is an 
implicit analysis method (ABAQUS documentation, 2008).  
5.6.2 Material model 
There are two main types of materials involved in this 3D FE model i.e. steel material and 
concrete material. Similar material models were used for steel and concrete as specified in 
Chapter 4, section 4.4, Figs. 4.34 and 4.35. Two types of steel material i.e. connectors and 
face steel plates were involved in this FE analysis. Meanwhile, three types of core 
materials i.e. LWC, ULCC and UHPC were involved. The details of the material 
properties are listed in Table 5.1.  
5.6.3 Element type and geometry of the model 
Considering symmetry of the specimens, only a quarter of the tested beam was modelled. 
The FE model built for FE analysis is shown in Fig.  5.18(a). This FE model comprised 
steel face plates, load cell, support, inside connectors, and core material. In order to 
reduce the geometry complexity and facilitate meshing of the model, a pair of J-hook 
shear connectors was simplified into two separate studs linked by spring elements to 
transfer the tension as shown in Fig.  5.18 (b). The property for the spring element is 
defined based on results of the tensile test. The tension-elongation behaviour of the spring 
element in the FE model were defined by the tension-elongation curves obtained from the 
tension tests on the J-hook connectors (as shown in Fig. 5.12). Fig.  5.18 (c) shows that 
the verifications of the tension-elongations behaviours between the FE model and test 
Chapter 5 Strength of SCS Sandwich Composite Beams with ULCC  
 
   ‐ 201 - 
 
ones. The interfacial shear behaviour can be simulated through verifications in section 
4.4.4.  
All these components were modelled and meshed with solid element C3D8R in 
ABAQUS mesh model library. The C3D8R element is an eight-node brick element with 
reduced integration stiffness. Nonlinear spring element was used to link the two 
connectors attached to the external steel plates as shown in Fig.  5.18 (a) and (b). 
5.6.4 Contact and restraint conditions 
The beam was modelled and assembled by different parts at proper location as shown in 
Fig.  5.18(a). Contact pairs were defined between the steel face plate and the core material, 
connector and core material, beam and load cell, and beam and support. The contact 
property described both the normal direction to and tangential direction along the 
interaction surfaces. In the normal direction to the interaction surface, hard contact was 
used whilst friction contact was used along the tangential direction of the interaction 
surfaces. Hard contact in AQAQUS interaction property means pressure will be 
transferred once the two surfaces contact whilst no pressure will be transferred when they 
are separated. The friction contact property was defined to simulate the friction in the 
tangential direction along the contact surface.  
5.6.5 Loading and boundary conditions 
Considering the symmetry of the beam test, the symmetric boundary conditions were 
applied to the surfaces at the symmetric planes of the specimens. The supports were 
simply supported and restrained without any movements but with rotations around the 
centreline of the support. Displacement controlled surface loading was applied to the load 
cell as shown in Fig. 5.18(a). The applied displacement type of loading linearly increases 
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from 0 to the maximum value. The reaction forces on the beams can be measured at the 
support or the bottom part of the load cell. Deflections of the points at different locations 
of the beams were observed during the analysis. 
5.6.6 Verifications of FE model 
The load-central deflection curves of the beams are compared with the corresponding 
experimental ones in Fig. 5.19. From Fig. 5.19, it can be seen that the load-central 
deflection curves by the FE model are close to the test ones both in displacements and 
ultimate strength. 
The ultimate strengths of the FE results are compared with the experimental ones in Table 
5.8. From Table 5.8, it can be found that the average FE prediction-to-test ratio is 0.97 
with a standard deviation of 0.1.  
The FE predicted deformed shapes as well as the cracks in the core material are compared 
with the experimental ones in Fig. 5.20. Most of the main cracks in the core material 
observed from the tests were identical to those found in the FE analysis results.  
The FE model offers an effective mean to analyse the nonlinear structural behaviours of 
SCS sandwich beams with J-hook connectors, which include predicting ultimate strength, 
describing load-deflection behaviours, and predicting shear cracks in the concrete of the 
SCS sandwich beams. 
5.7 Verifications of the Analytical Model 
Results obtained from the 3-piont or 4-point bending test were herein illustrated and 
compared with design formulae developed in section 5.3. The moment predictions elM by 
Eqn. 5.7 and plM by Eqns. 5.16 and 5.17 are compared with experimental ones in Table 
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5.9. From Table 5.9, it can be seen that the beams B2-1, B2-2, B6, J1, J2-1, J2-2, and J6 
exhibited lower bending moment resistance compared with the predictions. However, 
there are still some over-predictions for beams failed in shear failure. These 
underestimations on the bending moment capacity are caused by the conservative 
predictions on the shear strength of the shear connectors in the SCS sandwich beams.  
The experimental ultimate shear strengths of the beams are listed in Table 5.10. The 
predictions by Eqns. 5.18~20 are compared with the test results and the predictions by 
other design guidelines in Table 5.11. From Table 5.11, it can be seen that the 
recommended design method offered better agreements to the test ones compared with 
other design guidelines that are more conservative and underestimates these tests. These 
underestimations are caused by the conservative predictions for both concrete shear 
strength and tensile strength of the connectors. However, these conservative predictions 
are necessary for the design purpose considering reliability of the predictions.  
The strengths of the beams are checked by Eqn. 5.30. The strength index R ratios of the 
beams under bending and shear for each beam are shown in Table 5.10. From Table 5.10, 
it can be found that the average R index is 1.57 with a standard deviation of 0.36. The 
scatter of the R ratio obtained by Eqn. 5.30 is shown in Fig. 5.21. It can be seen from 
Table 5.11 and Fig. 5.21 that the proposed design formulae give reasonable agreements 
with acceptable accuracy but with a certain level of conservation.    
Considering service limit, deflections prd  at two thirds of the maximum applied load 
were also predicted and compared with experimental ones test in Table 5.11. Except 
beams B5 and J5, all the predictions are conservative and reliable enough compared with 
experimental ones. The average prediction-to-test ratio of the deflection is 1.43 with a 
standard deviation of 0.31. The predictions agree well with the test ones.  
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5.8 Comparisons between beams with J-hook connectors and headed studs 
Beams in B series and J series are designed with the same geometry and materials except 
types of connectors. The strength of the beams with J-hook connectors and headed shear 
studs are compared in Table 5.12. From this table, it can be observed that the beams with 
J-hook connectors exhibit slightly smaller resistances compared with beams with headed 
shear studs. Average ratio of strength of the beam with headed stud to that of the beam 
with the J-hook connectors is 1.09 with a standard deviation of 0.1. However, these larger 
strengths of the beams with headed shear studs are based on 25% higher shear strength of 
the headed stud than the J-hook connectors. Compared with Φ12 mm J-hook connectors, 
Φ13 mm headed studs offer higher shear and tensile strengths (as shown in Table 5.12). 
Based on the comparisons, it can be concluded that J-hook connectors can provide 
comparable strengths to traditional headed stud connectors in terms of bending moment 
capacity and cross sectional shear capacity. 
5.9 Summary 
This chapter continues and extends research and application scope of the SCS sandwich 
beams with shear connectors and ULCC. The newly developed material mixture ULCC 
was used in SCS sandwich structure, which shows potential versatile applications both in 
civil and offshore structures.  
A series of quasi-static tests on the SCS sandwich beams were carried out. Two types of 
mechanical connectors-traditional headed shear studs and novel J-hook connectors were 
used in the SCS sandwich beams. Parameters influencing strength of SCS sandwich 
beams were evaluated. Based on the test results, the findings are as the following; 
1) Increasing thickness of the steel face plates effectively increased shear resistance 
of the cross section. When thickness is doubled, shear resistances of the sandwich beam 
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are increased by about 90% and 60% for beams with headed shear stud and J-hook 
connectors, respectively.  
2) Increasing spacing of the connectors leads to lower shear resistance of the 
sandwich beams. As spacing of the connectors is increased, number of connectors taking 
the applied shear load is decreased. From the test, load carrying capacity is reduced by 
about 30% when the quantity of connectors is reduced by 50%. 
3) The shear span-to-section thickness ratio (L/H) governed the failure modes of the 
sandwich beams. When the L/H=2.3, shear failure modes occurred to the beam; while 
L/H=6.1, the beams failed in typical flexural failure; when L/H=3.4, combined failure 
mode occurred to the beam. 
4)  Using higher strength in-filled material can provide higher confinement to the 
shear connectors that lead to higher shear resistance of the connectors. This may change 
failure mode of the sandwich beam from shear failure to flexural failure. Moreover, no 
significant different behaviours of the beams with ULCC were observed during the test. 
The developed design formulae are applicable to the SCS sandwich beams with the 
ULCC.  
5) The beams with J-hook connector exhibits equivalent load carrying capacities to 
the beams with headed shear stud. The J-hook connector can provide equivalent strength 
to the headed shear studs either in longitudinal shear or tension capacities. 
Analytical formulae predicting bending moment capacity, shear capacity and elastic 
deflections of the SCS beams were developed and verified against the test results. 
Through the verifications, it can be observed the developed formulae provide reasonable 
predictions with acceptable accuracy on both bending moment and shear resistance of the 
SCS sandwich beams. Moreover, considering service limit state, predicted deflections 
make good agreements with the experimental ones. Therefore, these developed formulae 
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can be used for design utilization. These developed formulae are listed in Eqns. 5.1~5.30.  
Nevertheless, a 3D FE model was developed for the nonlinear analysis of the SCS 
sandwich composite beams with J-hook shear connectors. A simplified method was used 
to model the complex J-hook connectors. Through the verifications of the FE analysis 
results against the test ones, it was observed that the FE model can offer useful means on 
predicting ultimate strength, shear cracks in the core material, elastic deflections and 
deformed shapes of the beams. All these imply that this proposed FE model is an 
effective method to the nonlinear analysis of the SCS sandwich composite beams with J-
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4.0 100 200 13 100 ULCC 500 17.3 1441 537 275 
B2-1 6.0 100 200 13 100 ULCC 500 17.3 1450 537 310 
B2-2 6.0 100 200 13 100 LWC 500 12.7 1324 537 310 
B2-3 6.0 100 200 13 100 HPC 500 60.0 2672 537 310 
B3 12.0 100 200 13 100 ULCC 500 17.3 1450 537 310 
B4 6.0 100 200 13 150 ULCC 500 17.3 1521 537 310 
B5 6.0 100 200 13 200 ULCC 500 17.3 1440 537 310 
B6 6.0 100 200 13 100 ULCC 1100 17.3 1521 537 310 





4.0 100 200 12 100 ULCC 500 17.3 1441 465.5 275 
J2-1 6.0 100 200 12 100 ULCC 500 17.3 1450 465.5 310 
J2-2 6.0 100 200 12 100 LWC 500 12.7 1324 465.5 310 
J2-3 6.0 100 200 12 100 HPC 500 60.0 2672 465.5 310 
J3 12.0 100 200 12 100 ULCC 500 17.3 1481 465.5 310 
J4 6.0 100 200 12 150 ULCC 500 17.3 1521 465.5 310 
J5 6.0 100 200 12 200 ULCC 500 17.3 1440 465.5 310 
J6 6.0 100 200 12 100 ULCC 1100 17.3 1481 465.5 310 
J7 5.7 100 200 12 100 ULCC 1600 17.3 1482 465.5 310 
*tc=thickness of the steel plate under compression; tt=thickness of the steel plate under tension; B=width of the beam; d=diameter of the 
connectors; Sx=spacing of the connectors in the beam; L=span of the beam; Ec=elastic modulus of concrete; u=density of the concrete core; 
σu=ultimate strength of the connectors; fy=yield strength of the steel face plates of the beam.
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P1 11.8 61.8 50 200 300 464 60 16.5 0.99 1490
P2 11.8 61.8 50 200 300 464 60 16.5 0.99 1440
P3 11.8 61.8 50 200 300 464 60 16.5 0.99 1440
P4 11.8 61.8 50 200 300 464 60 16.5 0.99 1440
P5 11.8 86.8 75 200 300 464 60 16.5 0.99 1440
P6 11.8 111.8 100 200 300 464 60 16.5 0.99 1440
P7 15.5 90.5 75 200 300 405 57.8 16.5 0.954 1410
P8 19.6 94.6 75 200 300 403 60 16.5 0.99 1440
P9 11.8 61.8 75 250 300 464 25 11.5 0.288 1345
Table 5.3 Details of the pull out test specimens 















T1 6 56 95 12 0.5 310 465 65.2 
T2 6 72 125 12 0.5 310 465 65.2 
T3 4 56 95 12 0.5 310 465 65.2 
T4 8 56 95 12 0.5 310 465 65.2 
T5 12 56 95 12 0.5 310 465 65.2 
T6 6 56 95 16 0.5 280 405 65.2 
T7 6 72 125 19 0.5 270 405 65.0 
TL1 6 56 95 12 - 310 465 25.0 
TH1 6 56 95 12 - 310 465 180.0 
 * Note: FCV = fiber content per volume concrete; t =thickness of surface skin steel plate; hc 
= thickness of  the slab; d= diameter of J-hook connectors. 
Table 5.4 Shear resistance of concrete 
Design Code cv  Requirements 
BS 8110  
   1/3 1/40.79 / 25 400 / /c cu cv f d   
1.25c   
240 /cuf N mm  
400, 3.0d    
EC2   1/3, 1c Rd c ckv C k f   , 0.15 /Rd c cC  , 
1 0.40 0.60 / 2200u  
ACI 318-83    1/20.07 0.083c ckv f   1.2   
JGJ 12-99 0.06 /c ck cv f    
Narayanan et al. 
(1994) 
0.05 /c ck cv f    
* 100 /tA BH   is ratio of area of tensile steel plate to effective area of the cross section; 
u=density of lightweight concrete as specified in Ref. [20].  
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Table 5.5 Shear resistance provide by steel connector 
Design Code sv  Requirements 










v A f BS  
    1 cot 2.5   
ACI 318-83 [22]  1/2/ 0.7s sv yv ckv A f BS f   0.85   
JGJ 12-99 [23] 1.5 / 0.25s sv yv cv A f BS f    
Ref. [24] 
00.5 /s sv yvv n A f BS   
* For SCS sandwich structure, using tensile strength of connectors embedded in concrete 
to replace sv yvA f . Formulas in Table 5 are recommended. 
 
 


















P1 46.8 32.9 1.42 40.2 1.16 CBF 
P2 42.1 32.9 1.28 40.2 1.05 CBF 
P3 44.2 32.9 1.34 40.2 1.10 CBF 
P4 48.6 32.9 1.48 40.2 1.21 CBF 
P5 51.2 35.0 1.46 40.2 1.27 SSF 
P6 51.6 36.6 1.41 40.2 1.28 SSF 
P7 55.1 57.1 0.97 61.1 0.90 WF 
P8 86.6 87.2 0.99 96.2 0.90 WF 
P9 60.8 57.1 1.06 61.1 0.99 CBF 
Mean 1.27  1.10 
Stdev   0.21  0.15  
Cov   0.16  0.13  
* Pexp =experimental shear strength of connector; PEC4=predictions on shear strength of J-
hook connector by EC4; Pa=predictions on shear strength of connector by Eqn. 5.1b; 
CBF=concrete bearing failure; SSF=Shear failure cross the steel shank; WF=shear failure 
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Table 5.7 Pull out test results summary and predictions by different approaches proposed in Chapter 4 Part B 
 Test results Predictions in Chapter 4 Part B by 













 tF  (kN)  AF (kN) /t AF F  BF (kN) /t BF F  CF (kN) /t CF F DF (kN) /t DF F EF (kN) /t EF F  
 (1) (2) (3) (1)/(3) (5) (1)/(5) (7) (1)/(7) (9) (1)/(9) (11) (1)/(11) 
T1 26.8 HS 22.19 1.21 26.47 1.01 21.56 1.24 21.40 1.25 27.40 0.98 
T2 29.8 HS 29.91 1.00 29.91 1.00 29.91 1.00 29.91 1.00 29.91 1.00 
T3 28.4 HS 11.47 2.06 11.47 2.06 11.47 2.06 11.47 2.06 11.47 2.06 
T4 30.5 HS 36.87 1.46 43.99 1.23 35.83 1.51 35.56 1.52 45.52 1.18 
T5 27.1 HS 22.19 1.28 26.47 1.07 21.56 1.32 21.40 1.33 27.40 1.04 
T6 37.8 HS 22.19 1.37 26.47 1.15 21.56 1.41 21.40 1.42 27.40 1.11 
T7 57.5 HS 22.19 1.22 26.47 1.02 21.56 1.26 21.40 1.27 27.40 0.99 
TL1 23.7 CB & HS 23.88 1.58 22.13 1.71 18.02 2.10 17.89 2.11 28.74 1.32 
TH1 53.9 STF 40.12 1.43 35.85 1.60 29.20 1.97 28.98 1.99 44.72 1.29 
Mean    1.40  1.32  1.54  1.55  1.22 
Stdev    0.31  0.33  0.37  0.37  0.32 
COV    0.22  0.25  0.24  0.24  0.26 
* HS=hook straighten; CB=concrete breakout failure;  
Table 5.8 Comparisons between the FE prediction and the test results 
Specimen J1 J2-1 J2-2 J2-3 J3 J4 J5 J6 J7 
FEP  by FE 160.4 201 125 386 330  189 157 159 140 
testP  by Test 174.7 221.2 137.2 368.3 352.4 230.4 146 164.5 121.8 
/FE testP P 0.92 0.91 0.91 1.05 0.94 0.82 1.08 0.97 1.15 
Mean of /FE testP P  =0.97 STDEV= 0.10      
 
Chapter 5 Strength of SCS Sandwich Composite Beams with ULCC  
 
   ‐ 211 - 
 







n & sn tsp
F  
(kN) 


























(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
    
B1 212.3 44.3 6 220.0 1.21 22.9 21.9 25.2 1.10 22.9 1.10 BSY/VSF 
B2-1 236.0 43.8 6 381.6 0.69 27.3 26.3 28.0 1.03 33.6 0.83 VSF 
B2-2 133.6 27.5 6 381.6 0.43 17.5 17.0 15.9 0.91 23.8 0.67 VSF 
B2-3 378.0 53.1 6 381.6 0.83 33.8 31.7 44.9 1.33 40.1 1.12 BSY/VSF 
B3 451.3 44.7 6 763.2 0.35 29.4 28.7 53.6 1.56 36.0 1.49 VSF 
B4 233.1 44.3 4 381.6 0.46 18.4 17.7 27.7 1.51 24.7 1.12 VSF 
B5 165.4 43.7 2 381.6 0.23 9.1 8.8 19.6 2.16 15.4 1.28 VSF 
B6 174.3 44.3 11 381.6 1.28 39.4 38.0 32.2 0.82 39.4 0.82 BSY/VSF 
B7 127.8 43.7 17 393.3 1.90 37.4 36.0 39.6 1.06 37.4 1.06 BSY/TSY 
    
J1 174.7 35.4 6 220.0 0.96 21.7 20.7 20.7 0.96 22.9 0.91 BSY/VSF 
J2-1 221.2 35.7 6 381.6 0.56 23.2 21.4 26.3 1.13 28.5 0.92 VSF 
J2-2 137.2 22.0 6 381.6 0.35 15.4 13.6 16.3 1.06 20.3 0.80 VSF 
J2-3 368.3 42.1 6 381.6 0.66 27.5 25.1 43.7 1.59 33.1 1.32 BSY/VSF 
J3 352.4 35.8 6 763.2 0.28 23.6 23.0 41.9 1.46 30.1 1.39 VSF 
J4 230.4 35.3 4 381.6 0.37 14.7 14.2 27.4 1.86 21.0 1.30 VSF 
J5 146.0 34.9 2 381.6 0.18 7.2 7.0 17.3 2.39 13.6 1.28 VSF 
J6 164.5 35.8 11 381.6 1.03 39.4 38.0 30.4 0.77 39.4 0.77 BSY/VSF 
J7 121.8 35.3 17 393.3 1.52 37.4 36.0 37.8 1.01 37.4 1.01 BSY/TSY 
 *Notations and Abbreviations: BSY=bottom steel plate yield; VSF= vertical shear failure; TSY=top steel plate yield; rt and 
rb=ratio of composite action; Ftsp=tensile strength of surface steel plate.
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          
(1) (2) (1)/(2) (4) (1)/(4) (5) (1)/(5) (7) (1)/(7) Eqn. 5.30 
     
B1 106.2 90.0 1.18 61.2 1.73 82.7 1.28 71.9 1.48 1.61 
B2-1 118.0 95.7 1.23 60.7 1.95 82.0 1.44 70.2 1.68 1.48 
B2-2 66.8 69.3 0.96 40.2 1.66 51.5 1.30 32.3 2.07 1.17 
B2-3 189.0 127.7 1.48 88.6 2.13 121.0 1.56 149.1 1.27 1.86 
B3 225.7 119.7 1.89 63.1 3.57 85.6 2.64 74.5 3.03 2.41 
B4 116.5 97.0 1.20 61.4 1.90 83.0 1.40 72.0 1.62 1.64 
B5 82.7 87.7 0.94 55.9 1.48 74.1 1.12 69.7 1.19 1.59 
B6 87.1 97.0 0.90 61.4 1.42 83.1 1.05 72.0 1.21 1.22 
B7 63.9 94.4 0.7 60.4 1.06 81.6 0.78 69.7 0.92 1.27 
     
J1 87.3 89.1 0.98 68.1 1.28 82.0 1.06 71.5 1.22 1.34 
J2-1 110.6 91.6 1.21 69.2 1.60 77.4 1.43 69.9 1.58 1.52 
J2-2 68.6 85.5 0.80 43.8 1.57 68.6 1.00 42.8 1.60 1.13 
J2-3 184.2 127.5 1.44 99.2 1.86 121.1 1.52 149.2 1.23 1.95 
J3 176.2 118.5 1.49 70.6 2.49 84.3 2.09 74.2 2.37 2.04 
J4 115.2 81.3 1.42 68.3 1.69 64.2 1.79 62.7 1.84 1.93 
J5 73.0 62.5 1.17 60.8 1.20 49.2 1.48 56.5 1.29 1.73 
J6 82.2 96.9 0.85 69.5 1.18 82.9 0.99 73.4 1.12 1.15 
J7 60.9 95.0 0.64 68.1 0.89 82.3 0.74 71.2 0.85 1.20 
        Mean 1.57 
        STDEV 0.36 
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B1 1.67 0.79 0.21 1.01 1.66 J1 1.52 0.70 0.18 0.88 1.73 
B2-1 1.42 0.69 0.22 0.91 1.56 J2-1 1.68 0.71 0.21 0.91 1.84 
B2-2 1.82 1.04 0.15 1.19 1.53 J2-2 1.71 1.16 0.16 1.32 1.30 
B2-3 1.43 0.84 0.13 0.98 1.47 J2-3 1.48 0.82 0.13 0.95 1.56 
B3 1.62 0.95 0.38 1.33 1.22 J3 1.49 0.81 0.30 1.10 1.35 
B4 1.73 0.92 0.22 1.14 1.52 J4 1.47 0.99 0.21 1.21 1.22 
B5 1.17 1.05 0.15 1.21 0.97 J5 0.92 1.01 0.14 1.15 0.80 
B6 3.77 2.61 0.12 2.73 1.38 J6 4.18 2.48 0.11 2.59 1.61 
B7 9.00 5.52 0.15 5.67 1.59 J7 7.69 5.27 0.14 5.41 1.42 
   Mean/ Stdev 1.43/0.21    Mean/ STDEV 1.43/0.31 
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Table 5.12 Strength of B series beams and J series beams 














(kN) Rc Rb 
(1) (2) (3) (4) (5) (6) (7) (8) (3)/(7) (4)/(8) 
B1 13 500 44.3 212.3 J1 12 465.5 35.4 174.7 1.25 1.22 
B2-1 13 500 43.8 236.0 J2-1 12 465.5 35.7 221.2 1.23 1.07 
B2-2 13 500 27.5 133.6 J2-2 12 465.5 22.0 137.2 1.25 0.97 
B2-3 13 500 53.1 378.0 J2-3 12 465.5 42.1 368.3 1.26 1.03 
B3 13 500 44.7 451.3 J3 12 465.5 35.8 352.4 1.25 1.28 
B4 13 500 44.3 233.1 J4 12 465.5 35.3 230.4 1.25 1.01 
B5 13 500 43.7 165.4 J5 12 465.5 34.9 146.0 1.25 1.13 
B6 13 500 44.3 174.3 J6 12 465.5 35.8 164.5 1.24 1.06 
B7 13 500 43.7 127.8 J7 12 465.5 35.3 121.8 1.24 1.05 
Mean/ Stdev 1.25/0.01 1.09/0.10 
* Rc denotes ratio of strength of headed studs-to- J-hook connectors; Rb denotes ratio of strength of beams with headed studs-to strength 
of beams with J-hook connectors. 
Chapter 5 Strength of SCS Sandwich Composite Beams with ULCC  
 
   ‐ 215 - 
 
 
Fig. 5.1 Different types of mechanical connectors: (a) headed shear stud; (b) friction 
welded connectors in Bi-steel; (c) angle connectors; (d) J-hook connector; (e) ‘U’ Shape 
connecting system with steel cables. 
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Fig. 5.3 Test setup of sandwich beams 
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  (a) Generalization    (b) Layout of the specimen   (c) Test set up 
Fig. 5.4 Push test set up and specifications of specimen 
 
Fig. 5.5 Tensile test setup
 
Fig. 5.6 (a) 45° cone method (b) concrete capacity design (CCD) method 
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Fig. 5.7 (a) beam cross-section; (b) strain distribution; (c) stress distribution block; (d) 
elastic force distribution; (e) plastic force distribution 
 
Fig. 5.8 Comparisons between the predictions and test results of push out test (J-hook) 
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Fig. 5.10 Failure modes observed from the push out test 
 
Fig. 5.11 Observed failure modes from pull out test 
 
Fig. 5.12 Load-elongation curve of pull out test 
 
Fig. 5.13 Scatters of test-to-prediction ratios by the proposed design approaches in 
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Fig. 5.14 (a) Effect of shear span 
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Fig. 5.14 (c) Effect of thickness of face skin in B series 
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Fig. 5.14 (e) Effect of strength of core material 
 



















































Strength of core material (MPa)
B Series J Series
ckf =25 MPa LWC 
ckf =60 MPa ULCC 
ckf =160 MPa HPC 
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Fig. 5.14 (g) Effect of spacing of connector in J series 
 
 
Fig. 5.14 (h) Effect of spacing of connector in B series 
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Fig. 5.15 Flexural failures 
 
 
Fig. 5.16 Vertical shear failures 
     
a) Tensile failure  b) Embedment failure 
Fig. 5.17  Connector failure 
 
FE model for the steel skeleton of the SCS sandwich composite beam 
Top face steel plate 
Load cell 
Support 
Bottom face steel plate 
Shear connector 
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Fig. 5.18 (a) FE model for the SCS sandwich composite beams 
 
Fig. 5.18 (b) Simplifications of the J-hook shear connectors 
 
Fig. 5.18 (c) Typical tension-elongation curve of spring models  























Holes reserved for the 
connectors 
Model after assembling 
Applied Displacement Loading 
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 (a) J1 FE verification    (b) J2-1 FE verification 
 
 (c) J4 FE verification    (d) J6 FE verification 
 
 (e) J7 FE verification    (f) J2-3 FE verification 
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(b) Comparisons of cracks between the test and FE of specimen J6 
(c) Comparisons of J5 (d) Comparison of J4 
 
(e) Comparison of J2-1 (f) Comparison of J1 
Fig. 5.20 (a)~(f) Comparisons of the cracks in the core material between the FE model 
and test 
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CHAPTER 6  EXPERIMETNAL STUDY ON STEEL-
CONCRETE-STEEL SANDWICH COMPOSITE 
SHELL UNDER POINT LOAD 
 
6.1 Introduction 
In the previous chapters, strength of the basic component of the SCS sandwich composite 
structure i.e. mechanical shear connectors embedded in different concrete mixtures 
especially in the ULCC has been systematically studied. SCS sandwich beams with 
mechanical shear connectors and ULCC were tested to investigate the structural 
behaviors. In this chapter, the research scope is extended to the SCS sandwich composite 
shell structures. 
To meet the growing demand of oil and gas for the bursting development of world 
industry, search of the energy has been extended to the Arctic region that is the largest 
potential resources of oil, gas and unconventional hydrocarbon resources such as gas 
hydrates in this planet. Due to the harsh environment with moving ice floes, ridges and 
icebergs, an ice-resistant wall around the perimeter of the oil production platforms is 
usually used to resist the ice pressure and transfer these loads to the foundation. 
Concept of using curved SCS sandwich plates as the ice-resistant walls was proposed by 
Marshall et al. (2009; 2010). Since then, the research on this topic was carried out in 
National University of Singapore. The aim of this research is to develop a flower-shaped 
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conical caisson structure to be used in the Arctic region. Previously, most of ice-resistant 
walls were made of reinforced concrete plates or shells (Birdy et al, 1985; Long, 1988; 
McLean et al., 1990). Compared with the RC structure, SCS sandwich structure has many 
advantages such as no limitation of the flexural reinforcement ratio, saving formworks 
and site construction time, higher spalling resistance, keeping the structure integrity, 
higher abrasion resistance, easy repair, and better water resistance.  
From the literature review, it is observed that the concrete related structures should be 
learned and investigated to make sure the integrity of the structure when they were under 
high local ice contact pressure. As specified in API RP 2N (1995), punching shear 
resistance of concrete related structures should be checked. However, there were few 
design guidelines for the curved SCS sandwich composite shells. Nevertheless, research 
works on this topic were also quite limited. From the literature review, only SCS 
sandwich composite shells without shear connectors under point load and external 
pressure were investigated by Shukry (1986). However, all the tested SCS sandwich 
shells were designed without taking any bond measures between the concrete and the 
steel face plates. This weak composite action would definitely lead to low flexural 
strength and punching shear resistance. In this chapter, the J-hook shear connectors and 
headed shear studs were adopted for the SCS sandwich composite shells to enhance the 
bond between the concrete core and the steel face plates. Therefore, it is of great interest 
and necessary to investigate the punching shear strength of the SCS sandwich composite 
shells with the shear connectors. 
This investigation was carried out in two phases. In the first phase, two SCS sandwich 
shells with and without J-hook shear connectors were tested to investigate the effect of 
the shear connectors on bond improvement to the SCS sandwich shell structures. In the 
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second phase, seven SCS sandwich composite shells with headed shear studs were 
prepared and tested. These seven SCS sandwich composite shells designed with different 
parameters were tested to investigate their influences on the punching shear strength.  
6.2 Development of SCS sandwich composite shell structure 
6.2.1 Concept of using mechanical shear connectors 
Composite action in the SCS sandwich composite structure is achieved through using 
either cohesive material or mechanical shear connectors. Though cohesive materials (e.g. 
epoxy) can provide effective bond between concrete and steel face plates and even 
achieve a full-composite structure, these cohesive materials own a deficiency on 
providing cross sectional shear resistance compared with the mechanical shear connectors. 
For the ice-resistant walls, the main concern is the punching shear resistance under local 
loading. From the literatures, it can be easily found that there are many kinds of 
mechanical shear connectors available for the SCS sandwich composite structures. In 
chapters 3 and 4, different types of connectors were proposed and studied. Several types 
of mechanical connectors are available for the sandwich composite shell. The 
performances of the UCU connector, J-hook connector and headed shear stud have been 
studied through the comparative studies. Considering the curved geometries and 
application objectives, the connecting system to be used in the curved SCS sandwich 
structures should satisfy the following requirements: (1) providing interfacial shear 
resistance between the steel plate and concrete; (2) providing uplifting resistance and 
cross sectional shear resistance; (3) convenient installation on the curved steel plates. For 
the UCU connecting system, the steel cables need to be prestressed before casting and 
thus helps increase the stiffness of the structure. Additional prestressing equipment is 
required. In addition, pre-installed spacers inside the curved steel skeleton are also 
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required to hold the steel skeleton in position when the cables are tensioned. All these 
measures before casting cause additional works and decrease the construction efficiency. 
Compared with the UCU connectors, the J-hook connectors and headed shear stud can 
provide equivalent strength but simplify the fabrication procedures. Finally, the J-hook 
connectors and headed shear studs are chosen for the curved SCS sandwich composite 
shells.  
6.2.2 Concept of using ULCC 
Using lightweight concrete reduces the self weight of the structure and is less critical to 
the pile driven foundation of the caisson. Liew and Sohel (2009) applied LWC with a 
density of 1440 kg/m3 and fck of around 30 MPa in the SCS sandwich structure. This type 
of LWC comprised expanded clay type of lightweight aggregates (both coarse and fine) 
with an average particle density of 1000 kg/m3. Maximum size of the coarse aggregate is 
around 8 mm. However, this type of LWC had a relative low compressive strength at 
about 30 MPa. Other issues are the workability and pumpability of the concrete mixtures 
during the construction of the SCS sandwich shells with the dense layout of connectors. 
This type of LWC with coarse aggregate may produce honeycomb-like voids inside the 
structures if they are insufficiently vibrated. The ULCC can overcome these problems and 
is chosen as the core material for the SCS sandwich composite shell structure. The ULCC 
comprises fine aggregate namely cenosphere with a diameter of 10~400 μm that is far 
smaller compared with the smallest fine aggregate used in NWC and LWC. 
Supplementary material silica fume is added to increase the strength. The cylinder 
compressive strength of this new mixture is around 65 MPa while the density of the 
ULCC is around 1450 kg/m3. Moreover, this self-compacting mixture with very excellent 
workability ensures its pumpability and requires less vibration during casting.  Another 
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advantage of ULCC is the better freeze and thaw performances than the NWC and LWC, 
which is very important to the Arctic offshore structures.  
6.3 Static tests on SCS sandwich composite shells 
There are two phases in this experimental study. In phase 1, two SCS sandwich composite 
shells were prepared and designed with and without J-hook connectors to investigate the 
bond improvement of the structure. In phase 2, seven SCS sandwich composite shells 
were designed with headed shear studs (or Nelson stud) and ULCC are tested to 
investigate influences of different parameters on the shell structure. 
6.3.1 Test program 
6.3.1.1  Phase 1-Experimental study on bond improvement 
Two SCS sandwich shells namely SA1 and SA2 were prepared and tested. SA1 adopted 
no connectors between the core and the steel face plates whilst SA2 used interlocked J-
hook pairs of connectors to achieve the composite action. SA1 and SA2 were designed 
with one fourth scaled dimension of the typical ice-resistant wall structure. The clear span 
of the shell was 1.25 m. The thickness of the filled core concrete was 125 mm whilst the 
thickness of steel face plates was 8mm. Both SA1 and SA2 had a rise-to-span ratio of 
0.21 with a 45-degree rise angle at the haunch. The dimensions of the SA1 and SA2 are 
shown in Fig.  6.1.  
SA1 and SA2 were prepared at the early stage of the study prior to the development of 
ULCC. Several factors were considered to select appropriate core material, which were 
strength, workability, cost etc. Finally, a cement mortar was chosen as the core material 
considering the strength and workability that was strictly required by the application in 
the structure with dense layout of the connectors in SA2.  
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The mortar consisted of cement, fine aggregate (natural sand) and water. In one cubic 
meters cement mortar, the mass proportions of water, cement and fine aggregate (Natural 
sand) are 335, 608 and 1520 kg, respectively. Fresh density of the cement mortar is 2240 
kg/m3 whilst the density at 28 days was 2180 kg/m3. The compressive strength of the 
cylinder on 28 days is 30 MPa. Elastic Young’s modulus and Poisson’s ratio are 20 GPa 
and 0.17, respectively.    
The yield and ultimate strength of mild steel plates used for the SCS sandwich shells were 
405 and 520 MPa, respectively. Ø13 mm rod bars were used to fabricate the J-hook shear 
connectors. The yield and ultimate strength for this normal reinforcement with smooth 
surface were 346 and 483 MPa, respectively. The details of these materials used for SA1 
and SA2 are listed in Tables 6.2(a) and 6.2(b). 
6.3.1.2  Phase 2-Experimental study on punching shear strength of sandwich shell 
From the observations in phase 1, it was observed that a pair of interlocked J-hook 
connectors on a curved surface will lead to assembling problems. To solve this problem, 
in phase 2, seven specimens were prepared to investigate the load carrying capacities of 
the SCS sandwich composite shells. Headed shear studs were used in these seven 
specimens to bond the core material and steel face plates. All the shells were designed 
with the same clear span of 1.25 m as specimens SA1 and SA2. ULCC was used as the 
in-filled core material for all the specimens except SB5 in which HPC was used. All the 
specimens were designed with a nominal total wall thickness of 141 mm. 
The major variables investigated in this experimental study were as following: 
1) The thickness of the surface skin steel plates: 4, 8 and 12mm-three different 
thicknesses of steel face plates were used. In each specimen, steel plates with the same 
thickness were used for both inner and outer steel shell. Specimens SB1, SB2 and SB3 
Chapter 6 Experimental Study on SCS Sandwich Composite Shell under Point Load  
 
   ‐ 235 - 
 
were designed with 4, 8 and 12 mm thick steel face plates to investigate this influence on 
the strength of the SCS sandwich shell, respectively. 
2) Spacing of the shear connectors: all the tested SCS sandwich composite shells 
were designed with equal spacing of the connectors around 110 mm except SB4 with an 
average spacing around 220 mm in both ways of the shell.  
3) In-filled core material type and strength: all the SCS sandwich composite shells 
were designed with the ULCC except SB5 using UHPC. The UHPC used in SB5 could 
achieve an extremely high compressive strength of 180 MPa. 
4) For the ¼ scaled specimens, three types of radii for the sandwich shells were 
investigated. SCS sandwich composite shells SB2, SB6 and SB7 were designed with an 
inner radius of the shell of 884, 2363 and 625 mm, respectively. Therefore, the designed 
rise-to-span ratios for SB2, SB6 and SB7 were 6.27, 16.76 and 4.43, respectively. 
All the details of the specimens are shown in Table 6.1 and Fig. 6.2.  The geometries and 
material properties of the J-hook and headed shear studs are listed in Table 6.2 (b).  
6.3.2 Preparation of the specimens 
All SCS sandwich composite shells comprised two exterior skin steel face plates and the 
in-filled core material. The preparation of the SCS sandwich composite shell included 
three main steps. The first step was to fabricate the steel skeletons of the shell. After the 
steel skeletons were fabricated, the formworks were prepared for casting. Then, the fresh 
core material was filled into the steel skeletons by the concrete pump. During the casting 
of the shells, cylinders and cubes were prepared for the material tests.  
6.3.2.1 Fabrication of the steel skeleton of the SCS sandwich shell 
The steel face shell can be fabricated by bending or rolling the flat steel plates into the 
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curved shapes. The steel shells used for the specimens were rolled by the PC controlled 
automatic roller machine. Once the required radius of the shell was inputted, the flat steel 
plates were rolled into any required shape. The curvature steel shell after rolling is shown 
in Fig. 6.3(a). After fabricating the steel shell, shear connectors were prepared. For the J-
hook connectors in specimen SA2, the steel rod bars with smooth surfaces were bent into 
the required hook shapes. Then, the connectors were welded to the marked position on the 
steel shells by manual welding or automatic spot welding guns. Shells with headed shear 
studs are shown in Fig. 6.3(b). The BEND TEST was carried out to test the welding 
quality of the studs on the shells. Two connectors in every 50 were randomly chosen and 
bent diagonally by 15 degree with a steel tube. Fig. 6.3(c) shows the BEND TEST. After 
the BEND TEST, two exterior steel shells were placed in location and welded to two end 
steel plates as shown in Fig. 6.3(d). After that, the fabrication of the steel skeleton was 
finished. The fabrication progress is shown in Fig. 6.3.  
6.3.2.2 Casting and curing of the SCS sandwich shell 
After the fabrication of the steel skeleton, there were only two opening sides left. A 
plywood plate was prepared and put on the ground. The steel skeleton was put on the 
plywood’s top surface and kept in the vertical direction. Then, the steel skeleton was 
positioned by wooden plates that were fixed to the bottom plywood plate by screws. All 
the gaps were filled with the silicone to prevent the grout flowing out during the casting. 
The casting procedure of the SCS sandwich composite shells SA1~SA2 and SB1~SB7 
are shown in Fig. 6.4. For shells SA1 and SA2, the fresh cement mortar was poured in 
through the open side of the steel skeleton. During the casting, vibrator was used to 
evacuate the air bubbles out and make a solid filling. For shells SB1~SB7, the grout was 
mixed by pan mixers as shown in Table 6.2(a). 0.5 % PVA fiber by volume was added 
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into the ULCC to improve the tensile behavior of this mixture. The HPC and ULCC were 
designed with very fine aggregate. In ULCC, the diameter of the fine aggregate ranges 
from 10 to 400 μm that can be pumped during casting. The fresh ULCC grout was 
pumped into the specimen through a soft-wall hose. This hose was inserted to the bottom 
of the specimen and lifted up as the level of the fresh ULCC rose. A vibrator was used to 
drive the air bubbles out to reduce voids inside of the panel and achieve a well 
compaction. The progress of the casting of the SCS sandwich shells is shown in Fig. 6.4. 
6.3.2.3  Preparation of the specimens for the material test 
There are three categories of material involved in this test that are steel skin plates, in-
filled core material and shear connectors. Samples of steel bars used to fabricate J-hook 
connectors with a length of 30 cm were prepared for the tension test. Steel coupons cut 
from the steel plates and were also prepared for the tension tests. The dimensions of the 
coupons followed the specifications in ASTM A370-05 (2005). The material properties of 
the headed shear studs were obtained from the product certificate. The compressive and 
tensile strength of the concrete were obtained through the compression and splitting test 
on the six cylinders.  
6.3.3 Test setup and instrumentation 
In order to measure the deformed shapes of the SCS sandwich composite shell, LVDTs 
were installed on both inner and outer steel shell surface to record the displacements at 
different loading levels. 
6.3.3.1 Test setup for SA1 and SA2 
Nominal wall thickness of the SCS sandwich shell takes average thicknesses at different 
locations. These locations are at the haunch, one and three quarters of the arch, and mid-
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span.  For SA1 and SA2, the layout of the transducers is shown in Fig. 6.5(a). Four 
LVDTs are separately installed on top and bottom steel shells along the arch strip at the 
middle width. All these installed transducers were linked to a data logger TDS-530 that 
was controlled by software VISUAL LOG TDS7130 on the linked PC.  
Three directional strain gauges-rosettes and single direction linear strain gauges were 
used to measure the strains in the inner and outer steel shells. The locations of these strain 
gauges are shown in Figs. 6.5(b), 6.6(b)~(e), and 6.6(g)~(h).  
In order to provide the thrust forces to the curved SCS sandwich composite shells, two 
triangular beams were used to support the specimen. These two triangular supporting 
beams were bolted to the underneath four linking I-beams to provide horizontal restraints 
on movement. There was a reserved gap of 20 mm between the specimen and the support 
that was designed to tolerate the fabrication errors. After connecting the shell specimens 
to the two triangular beams by 10 bolts on each beam, high strength concrete with a 3 
days’ compressive strength of 60 MPa was used to fill the gap between the support and 
specimen (shown in Fig. 6.7). All these measures were taken to overcome the ‘soft 
support’ problem during the test. 
SA1 and SA2 were loaded by the INSTRON 200 tons servo-hydraulic actuator. 
Displacement type of loading with a rate of 0.05mm/min was applied to the steel block 
that was put on the top of the specimen. The test setup is as shown in Fig. 6.7. The 
reaction forces and corresponding measured deflections and strains at different locations 
were recorded by the data logger at different loading stages.  
Eccentric loading was applied to the specimen is that the eccentric ice-contact pressure 
will produce the horizontal push forces and produce the stability problems that is more 
harmful to the structure (Marshall, 2009).  
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The specimens were preloaded to check the readings of all the measurements prior to the 
test.  The loading procedures were as following: 
1) Load to 110 kN-0.5 times the ISO load, recorded data then unloaded; 2) loaded to 220 
kN-1.0 times the ISO load, recorded data then unloaded; 3) loaded to 330 kN-1.5 times 
the ISO load, recorded data then unloaded; 4) ten cycles of load from 0 to 440 kN (2 
times the ISO load); 5) loaded to fail.  
6.3.3.2 Test setup for SB1~SB7 
For SB1~SB7, the LVDTs were installed on both outer and inner steel shells to measure 
the deformed shape at different loading levels (shown in Fig. 6.6(a)). All these 
transducers were linked to a data logger TDS-530 that was controlled by a software 
Visual Log TDS7130 running on the linked PC. Rosettes and linear strain gauges were 
installed on both inner and outer steel shells to measure the strains developed in the steel 
shells during the loading. The locations of them are shown in Fig. 6.6. The same supports 
for SA1 and SA2 were also used for SB1~SB7. The specimens were bolted to triangular 
beams that were connected to the underneath I-beam support. This apparatus could 
provide enough thrust to specimens when they were tested.  
The test setup for SB1~SB7 is shown in Fig. 6.8. All the specimens SB1~SB7 were tested 
by 1000 tons INSTRON servo-hydraulic actuator. Displacement controlled type of 
loading with a rate of 0.05 mm/min was applied at the center of the shell. All the 
measured displacements and strains by LVDTs and strain gauges were recorded by the 
data logger controlled by the connected PC. 
Preloading was also carried out to the specimens to fit them to the support and check the 
readings of the measurements by transducers and strain gauges. The same loading 
progress was used as that was used for SA1 and SA2 in section 6.3.3.1. Moreover, 
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cameras were also used to take the photos of the deformed shapes of the SCS sandwich 
composite shell at different loading levels. 
6.3.3.3 Test on core material and the steel face plates 
As aforementioned in the progress of the casting SCS sandwich composite shell, 
cylinders and cubes were prepared and tested at the same day of the test on corresponding 
shell. Through the compressive test and splitting test on the cylinders, the average 
compressive strength and splitting tensile strength were obtained for the core material. 
The compressive and splitting tests on the core material are shown in Fig. 6.8 (b) and (c), 
respectively.  
Three pieces of coupons were prepared for each type of steel plate. Tension tests on these 
steel coupons were carried out to obtain the stress-strain curves (Test setup is shown in 
Fig. 6.8(d)). The stress-strain curve of the reinforcement that was used to fabricate the J-
hook connectors were obtained through tension tests on the 30 cm long steel bars (Test 
setup is shown in Fig. 6.8(e)). 
6.4 Test results and discussions 
These test results include observed failure modes, ultimate strength of the structure, 
behaviors of the load-deflection curves, and strains on the steel shells at different loading 
stages. For each loading level, there are around 15 deflections at different locations of the 
sandwich composite shells and more than 20 strains are recorded. Only strains and 
deflections at representative locations are herein presented. In the second part, influences 
of different variables on load carrying capacities of the SCS sandwich composite shells 
are vastly analyzed and discussed.  
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6.4.1 General behavior 
The representative behavior of the SCS sandwich shells is learned from the load-
deflection curves. For SA1 and SA2, the load-deflection curves are shown in Fig. 6.9. For 
SB1~SB7, the load-central deflection curves are shown in Fig. 6.10 (b) and Fig. 6.10 (c). 
From Fig. 6.9 and Fig. 6.10, it can be observed that there are two main types of curves. 
The first type of load-deflection curves exhibits two peak values among which the second 
peak value is larger than the first one (Curves of specimens SA1, SA2, SB2, SB3, SB4, 
SB6, SB7 are belonged to this category). The second type exhibits one peak value or 
second peak values with the smaller second peak value than the first one (Curves of 
specimens SB1, SB5 and SB7 are belonged to this type).  
For the specimens exhibit the first type of curves, after the first peak resistance 1pP , the 
resistance of the shell firstly decreases and then increases again to the second larger peak 
value 2PP  with a large deformation. However, the magnitude of the increment of 2PP  to 
1PP  is observed to be depended on the thickness of the surface skin of the steel shell. It is 
observed that larger thickness led to higher increment of the 2PP  to 1PP . Principle for the 
two peak values is that the core material failed in punching shear failure as the applied 
local load increases to the first peak resistance. After that, though the core material is 
punched, the load is redistributed to a new critical section with larger perimeter through 
the membrane tension force of the outer steel shell. Finally, the structure fails in punching 
shear failure of the outer top steel shell, or punching shear failure of core material in the 
second critical section if the slab is large enough to permit this development, or global 
buckling of the shell. In this case, it is observed all the specimens failed in the punching 
shear failure of the outer top steel shells at the second peak resistance.  
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For the Second type of curve, as the applied displacement type of load increases, the 
resistance of the structure increases almost linearly to around 40% of the first peak load. 
After that, the stiffness ( /P   ) decreases as the deflection increases until the structure 
achieves the first peak resistance. After the first peak resistance, the load carrying 
capacity decreases significantly with quite limited increase of the central deflection. 
Explanation for this sudden drop is that the core filler is punched and the structure loses 
the load carrying capacity. The second peak value is determined by the punching shear 
failure of the outer steel shell.  
Once the structure achieves the second peak resistance of 2PP , almost all the specimens 
fail in the punching shear failure of the outer top steel face plates except SA1 that fails in 
the global buckling. Moreover, at the point of the shell structure achieves first peak value
1pP , cracks developed in the core concrete are observed and marked by the marker. From 
the photos taken during the test, the observed bump in the inner bottom steel shells was 
caused by the punched cone of the core material. Moreover, indentation into the core 
material and fracture failure of the outer steel shell are observed at the point of the 
structure achieves the second peak resistance 2PP . The bump that occurred to the inner 
steel shell and the punching shear failure of the outer steel shell are shown in Fig. 6.11 
(a)~(g) and Fig. 6.11 (h), respectively. 
6.4.2 Ultimate strength and failure mode 
6.4.2.1  Ultimate strength and corresponding strains at the critical locations 
The ultimate strengths of the SCS sandwich shells were recorded during the test. Both 
1pP  and 2pP were easily determined from the load-deflection curves of the structure. 
Moreover, strains in three representative locations were recorded to facilitate judging the 
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stress developments in the steel shell at the loading levels of 1pP  and 2pP . Three 
representative locations were chosen that located in the bottom steel shell underneath the 
loading point, in the top steel shell close to the load cell both in arch centerline and width 
centerline directions. Moreover, a roughly estimated size of the punched cone in the 
bottom inner shell was assumed with a distance around 280 mm from the center point. 
Strains at these two locations were also measured. Therefore, at loads of 1pP  and 2pP , 
strains at five locations were recorded to judge the stresses developed in the outer and 
inner steel shells. The ultimate strengths of the SCS sandwich composite shells as well as 
the strains of the five critical locations are listed in Table 6.3. The locations of the linear 
strain gauges (L) and three direction rosettes (R) are shown in Figs. 6.5 and 6.6. The Rx-1 
means strain along the main direction along the arch or width of the shell (x is the number 
of the shell), and Rx-2 or 3 is the direction 45-degree off the arch or width direction.   
6.4.2.2 Deformed shapes and failure modes 
One major failure that occurs to most of the specimens is punching shear failure of the 
concrete core. The punching shear failure is a type of brittle failure that happens with a 
sudden drop of the load carrying capacity without large deformation of the structure 
(Stein et al., 2007). The shell or the plates are punched out with a conical plug of concrete. 
More information on this type of failure can be referred to review by Regan and 
Braestrup (1985). Three means are used to recognize this type of failure modes during the 
test: 
1) Sudden drop of the load-deflection curves, which is a type of brittle failure. This 
presents the sudden lost of the load carrying capacity of the structure.  
2) Strains in the steel skin shell. Strains developed in the steel face shells are useful 
means to judge the stress state of the steel plates. However, this is a necessary condition 
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but not a sufficient condition for the judgment. Taking the partial composite beam for 
example, the bottom steel plate yields due to flexural bending of the steel plate itself and 
the beam may also fail in brittle shear failure rather than flexural failure. In contrast, if 
flexural failure occurred, the flexural reinforcement of the structure must achieve yield to 
perform a large deformation of the structure. 
3) Observations of the crack in the concrete core and steel shell. 
Finally, there are three types of failure modes observed, i.e. punching shear failure of the 
concrete core, punching shear failure of the steel shell and global buckling of the structure. 
The punching shear failure of the concrete core and steel shell took place in specimens 
SA2, SB1~SB7 at the first and second peak strength, respectively. At the first and second 
peak strength, punching shear failure and global buckling occurred to SA1.  
The deformed shapes and the observed bump caused by the punched frustum of concrete 
of the specimens SB1~SB7 are shown in Fig. 6.11(a)~(g). Fig. 6.11(h) shows the 
punching shear failure of the outer top steel shell of specimens SB1~SB7. Fig. 6.11(i) 
shows the failure modes of the specimen SA1 that firstly fails in the punching shear 
failure and finally fails in the global buckling of the shell structure. Fig. 6.11(j) shows the 
deformed shape and punching shear failure mode of specimen SA2. 
6.4.2.3 Size of the punched cone and cracks in the core material 
A frustum of the core material was pushed down and formed a bump in the bottom steel 
shell due to the punching shear failure. Size of the top surface of this frustum is equal to 
the loading cell whilst the bottom size can be obtained through measuring the dimensions 
of the bump in the bottom steel shell. The size of the punched frustum in the core material 
can be used to estimate the dimension of the perimeter of the critical shear section. Based 
on the measured dimensions, the inclined angle of the shear failure surface can be 
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calculated, which will be further used to analyze the punching shear resistance of the SCS 
sandwich composite shells. 
The dimensions of the bump are denoted as aL  along the arch centerline direction and bL  
along the width centerline direction, respectively (as shown in Table 6.4). The dimensions 
of the load cell are 125x125 mm2 for all specimens. Based on the measured dimensions of 
the aL  and bL , the inclined angle of the frustum are calculated as the following; 
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where, a and b are the size of the load cell, herein adopt 125 mm. 
All the calculated inclination angles are shown in Table 6.4. From this table, it can be 
observed that the inclination angle of the frustum of the punched concrete, i.e. a  along 
the arch direction is around 40-degree excluding specimens SB6 and SB7. As the 
curvature increased, this inclination angle increased. Comparing the a  of specimen SB6 
with those of SB2 and SB7, this inclination angle increases from 31.1° to 38.5° and 45.3° 
when the span-to-radius ratio increases from 0.53 to 1.41 and 2, respectively. It also can 
be seen that the inclination angles of the shear plane in the arch direction (i.e. a ) with a 
range of 31.1°~45.3° are larger than the angles b  in the width centerline direction with a 
range of 17.8°~32.5°. The mean values of a  and b  are 39.2 and 23.7, respectively. 
These findings are consistent with the experimental observations of SCS sandwich 
composite shells without shear connectors tested by Shukry (1986) and reinforced or pre-
stressed concrete cylinders tested by Barkel et al. (1979) and Caldwell et al. (1981). 
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Explanation for the deeper a  than b  is the existence of the compression membrane 
forces in the SCS sandwich composite shell caused by the curvature. This explanation is 
further proved by the previous discussions on the change of the a in specimens SB6, SB2 
and SB7 where the a  increase as the curvature increases.  
The cracks in the core material during the loading process were observed and marked in 
Fig. 6.12. The cracks and their corresponding loads are shown in Fig. 6.12 and listed in 
Table 6.5. From these information, it can be seen that the load of the first crack in 
different specimens ranges from 220 to 440 kN that are around 14~38% of the 
corresponding first peak resistance 1pP  (See Table 6.5). This observation is identical to 
the findings of Shurky (1986) that the load at the first crack occurred is around 13.5~38% 
of punching shear strength. It is also observed that this value is greatly influenced by the 
curvature of the shell. The lowest ratio of P1-to- 1pP is 14% for specimen SB6 with the 
high performance concrete (P1 is the load at first developed crack in the core material).  
6.4.3 Measured deflections of the shell 
As aforementioned, LVDTs were installed on both top and bottom steel shells along the 
centerline of arch direction and width direction, respectively (as illustrated in Fig. 6.5(a)).  
Locations of these LVDTs installed on the sandwich composite shells are shown in Figs. 
6.5(a), 6.6(a) and 6.6(g). Based on these measurements, the exact deformed shapes of the 
arch and width centerline at each load stage could be obtained by linking the 
measurements of these locations. Finally, the deformed shapes of both outer top shell and 
inner bottom shell of the seven specimens SB1~SB7 are shown in Fig. 6.13. Exact 
deformed shapes of bottom steel shell of specimens SA1 and SA2 are shown in Figs. 6.14 
and 6.15, respectively.  
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For specimens SB1~SB7, seven LVDTs were installed on inner bottom whilst eight 
LVDTs were installed on the outer top steel shells.  For the bottom inner steel shell, three 
LVDTs were installed at the middle arch whilst five transducers were installed along the 
width direction at middle span. For the outer top steel shell, six LVDTs were installed 
along the width direction at middle span whilst four LVDTs were installed along middle 
arch direction (shown in Fig. 6.5(a), Fig. 6.5(g)). From Fig. 6.13(a)~(n), several behaviors 
are summarized as follows: 
1) During the early stage of the loading, the deflections at the loading point are not 
significantly larger than deflections of other points away from the loading area. This trend 
can be clearly reflected in the Fig. 6.13 when the applied load is less than 440 kN. 
2) During the progress of the applied load increases to the first peak value, the 
deflections at the loading point increases significantly than the deflections of other points 
on both inner and outer steel shells. This means the deformation in the shell is a more 
local behavior rather than a global behavior, which also implies that local punching shear 
failure occurs and the core material is punched through.  
3) Due to all the SCS sandwich composite shells are one-way supported, it is 
observed that the deflections along the middle arch strip are much smaller than the 
deflections along the width direction at middle span at the same loading level. This 
implies the arch strips of the shells act as the main beams transferring the applied load to 
the support, and of course the middle arch strip takes more loads compared with the edge 
arch strips. The width strips act as the secondary beams that disperse the load to the edge 
arch strips. 
4) Specimen SB5 with HPC (fck=180 MPa) exhibits largest initial stiffness among all 
the tested specimens (shown in Figs. 6.10a and 6.0b). The stiffness of load-deflection 
curve is almost 379 kN/mm compared with a range of 132~180 kN/mm for the other 
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specimens.  
For specimens SA1 and SA2, unsymmetrical loading was applied. Six LVDTs were 
installed underneath the inner shell of the specimen. The deformed shapes of SA1 at 
different loads are shown in Figs. 6.14 and 6.15. From this figure, it can be seen that the 
half shell near the loading point is pushed down while the opposite side goes up. 
Moreover, the deflection at the loading point increases much faster than the deflections of 
the rest locations. This implies that local punching shear occurs. The deflections at the far 
end from the loading point increase significantly as the load increases from 800 to 850 kN. 
The deflection at 2pP  is 85 mm which is much larger than 16.58 mm at 1pP . From the 
deformed shapes at different loading levels in Fig. 6.13(a) and (b), it can be observed that 
deflections of the locations in the vicinity of the loading point are significantly larger than 
that of other locations, which implies that the concrete is locally punched through. 
Moreover, the phenomenon that nearer end to the loading point of the shell is pushed 
down and the far end is pushed up implies a global buckling occurred to SA1 at 2pP . 
Fig. 6.15 shows the deformed shapes of the sandwich shell SA2 under different loading 
stages. From these figures, it can be seen that the whole shell is pushed down, which is 
different from SA1. It is observed that the deflections at the loading point are only smaller 
larger than other locations when the load is less than 440 kN. After the applied load is 
larger than 1000 kN, the deflection at the loading point become much larger than the 
deflections at other locations, i.e. the punching shear failure starts to develop. After that 
point, the deflections at the loading point become significantly larger than the deflections 
of all the other points. The difference becomes extremely larger when the structure 
achieved the first peak resistance 1pP . This implies local punching shear failure takes 
place. 
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From the above observations of deformed shapes of the sandwich shell under different 
loading levels, the failure modes of the structure can be easily observed through analyzing 
the deformed shapes at different loading levels. The local large deformation in the 
vicinity of the loading point takes place that implies the punching shear failure mode 
occurs to most of the specimens when these shells achieve the first peak resistance 1pP . 
Moreover, SA1 is observed to exhibit different deformed shapes that relates to global 
buckling failure mode when the sandwich shell achieves the second peak resistance 2pP . 
6.4.4 Strain distribution  
The strains of the steel face shell were measured at different locations by three-directional 
strain gauges-rosettes or one-directional linear strain gauges. The measured locations are 
shown in Fig. 6.5 b for SA1 and SA2, in Fig. 6.5 (b)~(f) and Fig. 6.5 (h)~(i) for SB1~SB7, 
respectively.  
Among the readings of these strains obtained from the strain gauges, only the 
representative ones are presented. Locations for these representative strains are in the 
vicinity of the load cell both in inside and outside steel shells. Finally, the load-strain 
curves are plotted in Figs. 6.16(a)~(i). The strains at these critical locations at the first and 
second peak resistance are listed in Table 6.3.  
For specimens SA1 and SA2, it can be seen that both inside and outside steel shell at 
these measured critical locations do not yield at the first peak resistance Pp1. From Figs. 
6.16(a) and (b), it can be observed all these strains are less than the yielding strain around 
2000 μ. At the second peak resistance Pp2, the outside steel plates in the vicinity of the 
load cell are fractured due to large strain deformation, which can be observed from the 
load-strain curves. However, the strains in the inside steel shells are far smaller than the 
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uniaxial fracture strain. The same observations are observed in specimens SB1~SB7 
either at the first or second peak resistance.  
6.4.5 Load-transfer mechanism of the SCS sandwich shell under point load 
Based on the measured strains and deflections, the load-transfer mechanism was observed 
for the SCS sandwich composite shells under point load.  
6.4.5.1 Mechanism before the first peak resistance 
At the initial stage of the loading process, the applied load is transferred to the support 
through the arch strip of the shell. The arch strip of the shell acts as the one-way 
supported slab. The middle arch strip takes more loads than the neighbored edge arch 
strips before the shell structure achieves the first peak resistance. The loads taken by the 
neighbor edge arch strip is transferred from the loading point through the width strip of 
the shell. The width strip of the shell acts as the secondary beam in the beam-slab system 
and is supported on the arch strips. This can be supported by the following observations; 
1) deflections in the width strip are larger than that in the strip along the arch direction; (2) 
strains of steel shells in the width strip are larger than that in the arch strip. This load 
transferring mechanism is shown in Fig. 6.18 (a). 
6.4.5.2 Mechanism after the first peak resistance 
After the first peak resistance, punching shear failure occurs to the SCS sandwich 
composite shells. A punched concrete frustum is formed in the middle arch strip. In that 
case, the middle arch strip lost the load carrying capacity. However, benefiting from the 
tension membrane effect of the external steel shell, the load will be transferred to the 
neighbor width strip and arch strip through the top steel shell. The load applied on the 
structures will be finally transferred to the support through the undestroyed arch strip of 
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the SCS sandwich shell. In that case the strength of the shell will be governed by the 
punching shear strength of the top steel shell or bending moment capacity of the 
undestroyed arch strip in the SCS shell section. This mechanism is as shown in Fig. 
6.18(b).  
6.4.6 Effect of variables on the punching shear strength of the shell 
The test results, including first and second peak resistances, their corresponding 
deflections and strains, are listed in Table 6.6. The investigated variables influencing the 
strength of the SCS sandwich shells are: 
1) Bond improvement by introducing mechanical shear connectors to the SCS 
sandwich composite shell structure; 
2) The thickness of steel shell or ratio of the steel shell in the section of the structure;   
3) The strength of the filled core material; 
4) Spacing of the connector; 
5) The curvature of the SCS sandwich shell i.e. ratio of / sR h . 
Influences of these parameters are shown in Fig. 6.17. Introducing mechanical shear 
connectors increases the resistance of the SCS sandwich composite shell (shown in Fig.   
Fig. 6.17(a). Increasing the thickness of the steel shell leads to thicker effective depth of 
the SCS sandwich composite shell. Therefore, the punching shear resistance of the 
sandwich shell is increased (shown in Figs. 6.17(b) and (c)). Moreover, the punching 
shear strength of the steel shell itself is also increased when thicker steel shell is used 
(shown in Figs. 6.17 (b) and (c)).  Varying the spacing of the shear connectors changes 
the quantity of the shear connectors linking the shear crack in the core material that 
finally changes the punching shear strength of the structure (shown in Fig. 6.17(d)). Using 
higher strength core material definitely leads to higher punching shear strength of the 
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structure due to higher shear stress of the concrete (shown in Fig. 6.17(e)). The curvature 
of the shell also influences the punching shear strength of the structure. Changing 
curvature influences the stress state of the inside core material and thus change the 
fracture surface, which finally influences the punching shear strength of the structure 
(Shown in Figs. 6.17 (f) ~(h)). 
6.4.6.1 Effect of using mechanical connectors in SCS sandwich composite shell 
From Fig. 6.17(a), it can be seen that using mechanical connectors greatly improves the 
structural resistances. SA2 exhibits the first peak value of 1440 kN that is 1.53 times of 
944 kN for SA1. The second peak resistance is increased by 36% from 1218 kN to 1657 
kN when the connectors are used. The elastic stiffness of the structure was also increased 
from 265 to 358 kN/mm. The reason for these improvements both on strength and 
stiffness of the sandwich shell is that the introduced J-hook connectors provide a higher 
composite action between the core material and steel face plate. This higher composite 
action offers higher stiffness to the section of the structure.  Moreover, the introduced 
shear connectors increase the shear resistance of the cross section that permits the 
specimen SA2 to take larger punching shear load.  
The introduced J-hook shear connector in SA2 also prevents local buckling of the steel 
shell in the compression zone that occurs to SA1. This is due to that the J-hook shear 
connector in SA2 reduced the length of compression zone. Another problems exposed in 
the test is that the selected J-hook shear connectors made assembling problems. For a pair 
of interlocked J-hook connectors, if they were not welded in the exact normal direction to 
the shells, it will cause the assembling difficulties for the shell skeleton. This will greatly 
reduce the construction efficiency and make the fabrication costing. 
Therefore based on the lesson learned in the first stage, in the second stage of 
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experimental study, the headed shear connectors are used for all the SCS sandwich shell 
specimens. The headed shear studs exhibit advantages of easy installation and equivalent 
strength to J-hook connectors, and it will also reduce the critical requirement on the 
welding of the J-hook connectors on the curved shell surface and thus increase the 
construction efficiency.  
6.4.6.2 Effect of thickness of steel surface shell 
Fig. 6.17(b) shows the load-deflection curves of specimens designed with the same 
dimensions and materials but different thickness of surface skins. 5, 8 and 12 mm thick 
steel face skins are used for SB1, SB2 and SB3, respectively. From Fig. 6.17 (b), it can be 
observed the first peak resistance of the SCS sandwich shell increases from 1083 to 1363 
and 1737 kN when the thickness increases from 5 to 8 and 12 mm, respectively. The first 
peak resistance of structure is increased by 26% and 60% for specimens with 8 and 12 
mm thick steel face skins compared with the one with 5 mm thick surface skins, 
respectively.  
These increments of the first and second peak resistances are shown in Fig. 6.17(c). 
Another interesting observation is that specimen SB1 with 5 mm thick steel surface shells 
exhibits lower second peak resistance than the first peak resistance. However, both 
sandwich shells with 8 and 12 mm thick steel plates exhibit contrary phenomenon. As the 
thickness of the surface skin steel plates increases, the 1pP  increases almost linearly 
whilst the second peak resistance increased faster than the first peak value. Explanations 
for this effect on increasing of structural resistance are: 1) the thickness of the top steel 
shell contributes to the punching shear resistance of core material as well as the steel 
surface shell; 2) however, the increment of the thickness of the steel shell on 1pP  is less 
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significant than on 2pP ; 3) the first peak resistance of the shell is mainly contributed by 
the core material whilst the second peak resistance is determined by the punching shear 
resistance of the top steel shell. Generally, using larger thickness steel shell both increase 
the first and second peak resistances. In this case, SCS sandwich shell with 125 mm thick 
core, the thickness of the steel shell is recommended larger than 8 mm to guarantee a 
enhanced second peak resistance.  
6.4.6.3 Effect of spacing of connectors 
The effect of spacing of the connectors is shown in Fig. 6.17(d). The connectors provide 
composite action, link the shear crack in the core material and thus provide shear 
resistance, and minimize the length of the compression zone to prevent local buckling. 
Shear connectors in the SCS sandwich structure act as the shear reinforcement in 
reinforced concrete structure. Increasing the spacing of shear connectors reduces the 
quantity of the connectors linking the shear failure surface of the structure and therefore 
reduces the shear resistance of the structure. From Fig. 6.17(d), it can be observed that 
increasing the spacing of the headed stud connector from approximately 120 to 220 mm 
decreases the first and second peak resistance by 18% and 28 %, respectively.  
6.4.6.4 Effect of strength of in-filled core material 
Fig. 6.17(e) shows the effect of the core material strength on the ultimate strength of the 
SCS sandwich composite shell. This influence is studied through tests on specimen SB2 
and SB5. These specimens were designed with the same dimensions except the core 
material. ULCC is used in SB2 whilst HPC is used in SB5. The properties of these two 
types of materials can be found in Table 6.2(a). From Fig. 6.17(e), it can be observed that 
using HPC greatly increases the punching shear strength especially the first peak 
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resistance of the SCS sandwich shell. The punching shear strength of SB5 using HPC is 
2.25 times of SB2 with ULCC. The stiffness of the SCS sandwich shell is also greatly 
increased by using higher strength concrete. After the core material is punched, the 
second peak resistance of the two specimens provided by the steel surface shell and 
connectors are very close. Because, the second peak resistance is determined by the 
punching shear resistance of the outer steel shell.  
These phenomena can be explained by that higher strength of core material provides 
higher punching shear resistance as well as elastic Young’s modulus. Therefore, both the 
punching shear resistance and the stiffness of the structure are greatly increased. 
6.4.6.5 Effect of curvature of the shell 
Fig. 6.17(f) shows the load-deflection curves of the SCS sandwich composite shells with 
different curvatures. The curves of the first and second peak resistances versus different 
curvature (ratio of /sh R ) are plotted in Fig. 6.17(g). From these two figures, it can be 
observed that as the curvature of the SCS sandwich composite shell increases, the 
punching shear resistance of the structure increases firstly from 1166 to 1363 kN when 
the /Rsh  ratio increases from 0.06 to 0.16. However, this strength decreases from 1363 to 
1210 kN as the /Rsh ratio increases from 0.16 to 0.22. This implies that the increment of 
the curvature on the strength of the sandwich shells has both positive and negative 
influences on the punching shear resistance, which is greatly depended on the curvature. 
If the curvature is smaller than 0.16, this influence is positive. Once the curvature exceeds 
the limitation, this influence will be negative. The generalized stress is shown in Fig. 
6.17(h). From this figure, it can be seen that the generalized shear stress acted on the 
failure surface increases as the /Rsh  increases. However, from Table 6.4, it is known that 
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the critical perimeter of the punched cone greatly decreases in SB7 that was designed 
with the highest /Rsh  ratio of 0.22. Therefore, the following conclusions can be drawn 
from the observations in Table 6.5 and Figs. 6.17 (f)~(h): 
1) Increasing the curvature of the shell increases the inclination angle of the shear 
crack in both arch and width direction. This increased inclination angles of the shear 
crack minimize the controlled perimeter of the critical section. 
2) Increasing the curvature of the shell increases the shear stress that acts on the 
shear failure surface (shown in Fig. 6.17 (h)). This is caused by the compression 
membrane forces acted on the shear failure surface in the core material. Similar 
observations were found in the RC reinforced concrete shells (McLean et al., 1990).  
3) Though the stress acted on the shear failure surface increases, the ultimate 
strength decreases due to reduced controlled perimeter of the punched cone that is caused 
by the curvature of the shell (shown in Table 6.5). Compared with the influence of the 
curvature on the control perimeter, the influences of the curvature on stress is much 
smaller. 
6.5 Summary 
In this chapter, experimental studies were carried out on nine SCS sandwich composite 
shells subjected to point load. From the experimental results, influences of several main 
parameters are observed and discussed. Some conclusions are drawn as follows 
1) From the comparative study between specimen SA1 and SA2, it is found that 
introducing mechanical shear connectors greatly enhance the bond between the core 
material and the steel shell. The introduced J-hook connectors also reduce the effective 
length of compressive steel shell and thus effectively prevent local buckling. The 
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introduced mechanical shear connectors increase the punching shear resistance of the 
SCS sandwich shell structure. 
2) From the comparative study among specimens SB1~SB3, it is found that the 
thickness of the face skin steel shell effectively increases the punching shear strength of 
the core material of the sandwich shells. The steel face shell greatly increases the 
effective depth of section of the sandwich shell. Thicker steel shells provided larger 
punching shear resistance that corresponds to the second peak resistance.  
3) It is observed that the angle of the shear plane θa in the circumferential direction is 
deeper than that in the longitudinal direction θb. It is also observed the angle of the shear 
failure surface in the circumferential direction increases as the curvature of the shell 
increases.  
4) The spacing of the connectors changes the quantity of the connectors linking the 
shear cracks in the core material and thus influences the punching shear strength of the 
SCS sandwich composite shell. Moreover, the spacing also influences the composite 
action between the steel shell and core material.  
5) Using higher strength concrete in the SCS sandwich composite shell increases the 
shear strength of the core material as well as tension capacity of the shear connectors. 
These two increments finally lead to larger punching shear resistance of the SCS 
sandwich composite shell structure.   
6) During the test, it is observed that punching shear strength of the SCS sandwich 
composite shell structure firstly increases as the curvature ( /eh R ) of the shell increases 
from 0.06 to 0.12, but decreases as the curvature ( /eh R ) of the shell increases from 0.16 
to 0.22. The increment of the curvature increases the stress acting on the shear failure 
surface but decreases the control perimeter of the critical section for punching shear. The 
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control perimeter has more significant influence on the load carrying capacity of the 
sandwich shell than the stress acting on the shear failure surface.  
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Table 6.1 Details of the SCS sandwich composite shells 



















Group   A          
SA1 8.3 141 124 884 6.3 Nil Nil Nil Nil CM 
SA2 8.3 141 124 884 6.3 J-hook 100 114 108 CM
Group  B                
SB1 4.8 145 136 884 6.1 HSS 107 124 125 ULCC
SB2 7.8 142 126 884 6.2 HSS 107 124 125 ULCC
SB3 11.8 145 121 884 6.1 HSS 106 123 125 ULCC
SB4 7.8 140 124 884 6.3 HSS 200 228 208 ULCC
SB5 7.8 145 129 884 6.1 HSS 106 123 125 HPC 
SB6 7.8 148 132 2363 15.9 HSS 113 119 125 ULCC
SB7 7.8 140 124 625 4.5 HSS 105 125 125 ULCC
* t=thickness of the surface skin steel plate; th =total wall thickness of the sandwich composite 
shell; ch =thickness of the in-filled core material; tS =spacing between the connectors in the arch 
direction of the connectors on the top skin steel shell; tS =spacing between the connectors in the 
arch direction of the connectors on the top skin steel shell; HSS=headed shear stud; CM=cement 
mortar; HPC=high performance concrete; ULCC=ultra lightweight cementitious composite. 
 
Table 6.2(a) Property of the core material of the SCS sandwich composite shell 
 
* For the cement mortar (CM), for 1 m3 fresh grout, the mix proportion are 
       Cement: Water: Fine aggregate=335: 608: 1420. 
* For the ULCC, for 1 m3 fresh grout, the mix proportion are 
       Water: OPC: SRA: Filler : Fiber (PVA): ADVA181=262: 741: 65: 20: 335: 
6.5: 7.7 
 














SA1 CM 2207 29.4 34.7 - 23.9 0.18 
SA2 CM 2179 32.6 42.9 - 24 0.18 
SB1 ULCC 1420 63.6 - 4.1 16.5 0.25 
SB2 ULCC 1420 63.6 - 4.1 16.5 0.25 
SB3 ULCC 1459 69.8 - 4.4 16.5 0.25 
SB4 ULCC 1459 69.8 - 4.4 16.5 0.25 
SB5 HPC 2731 186.5 - 11.9 45.0 0.25 
SB6 ULCC 1460 72.4 - 4.5 16.5 0.25 
SB7 ULCC 1467 69.4 - 4.3 16.5 0.25 
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Table 6.2(b) Property of the surface skin and shear connector 
Specimen 
















SA1 8.3 396 520 208 - 
SA2 8.3 396 520 208 J-hook 12.2 345 483 202 
SB1 4.8 340 440 203 HSS 13 368 503 200 
SB2, 
SB4~SB7 7.8 330 495 202 HSS 13 368 503 200 
SB3 11.8 340 550 206 HSS 13 368 503 200 
          
Details of J-hook connector                        Details of HSS 
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Table 6.3(a) Ultimate strength of the composite shells and corresponding strains at the five critical locations 


















SB1 1083 -132 -842 160 2261 4158 - - 
SB2 1363 -270 -639 -183 -825 274 - - 
SB3 1736.9 591 -324 1090 2144 8860 - - 
SB4 1154.6 -451 -2076 23 3544 3636 - - 
SB5 3072.1 169 -1261 -452 1292 4273 - - 
SB6 1165.8 291 -1209 -74 1949 3570 - - 
SB7 1209.7 469 -709 458 4138 10882 - - 
SA1 944 423 576 -77 -454 2831 5177 3267 


















SB1 725 -1945 -438 452 33375 17432 - - 
SB2 1514 1666 -667 614 7602 2477 - - 
SB3 2030 4568 -4121 -1116 18426 41981 - - 
SB4 1183 1243 -2225 4624 spoil 21167 - - 
SB5 1373 -747 -3856 -548 1701 558 - - 
SB6 1268 1498 -817 1850 >8000 1143 - - 
SB7 1108 -7842 -708 141 66826 15833 - - 
SA1 1218 2090 4059 6330 2983 683 2863 1660 
SA2 1657 370 963 -2134 420 785 1254 894 
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Table 6.3(b) Strains of ε1~ ε5 relate to the corresponding readings of rosettes in Fig. 6.5 
Specimen 1  2  3  4  5  6  7  y  u  
SA1 R1-1 R2-1 R3-1 R6-1 R7-1 R8-1 R9-1 2200 28000 
SA2 R1-1 R2-1 R3-1 R6-1 R7-1 R8-1 R9-1 2200 28000 
SB1 R1-1 R2-1 R4-1 L1 L2 - - 1850 25000 
SB2 R1-1 R2-1 R3-1 R4-1 R5-1 - - 2000 25000 
SB3 R1-1 R2-1 R4-1 R5-1 R6-1 - - 1970 28000 
SB4 R1-1 R2-1 R4-1 R5-1 R6-1 - - 2000 25000 
SB5 R1-1 R2-1 R4-1 R5-1 R6-1 - - 2000 25000 
SB6 R1-1 R2-1 R4-1 R5-1 R8-1 - - 2000 25000 
SB7 R1-1 R2-1 R5-1 RT1-1 RT6-1 - - 2000 25000 
Where: y  and u  are yield and ultimate strain obtained from the tensile test (in μ) 
Table 6.4 Dimension of the punched concrete cone 
 
 
Arch centerline direction 
 













degree /a b   
SB1 147 4.8 520 41.8 705 25.4 1.65 
SB2 144 7.8 560 38.5 725 23.1 1.67 
SB3 150 11.8 530 39.4 735 22.4 1.75 
SB4 139 7.8 490 40.8 700 23.2 1.76 
SB5 152 7.8 540 40.6 735 24.0 1.69 
SB6 154 7.8 660 31.1 790 22.5 1.38 
SB7 134 7.8 435 45.3 495 32.5 1.39 
SA1 141 8.3 620 36.0 900 17.8 2.02 
SA2 141 8.3 520 39.6 740 22.0 1.80 
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kN kN kN kN kN  
(1) (2) (2)/(1) (4) (4)/(1) (6) (6)/(1) (8) (8)/(1)
SB1 1083 330 0.30 400 0.37 440 0.41 600 0.55 
SB2 1363 330 0.24 440 0.32 800 0.59 1100 0.81 
SB3 1736.9 440 0.25 870 0.50 1000 0.58 1200 0.69 
SB4 1154.6 230 0.20 330 0.29 500 0.43 750 0.65 
SB5 3072.1 440 0.14 1100 0.36 1800 0.59 2100 0.68 
SB6 1165.8 440 0.38 500 0.43 800 0.69 900 0.77 
SB7 1209.7 220 0.18 440 0.36 500 0.41  - - 
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Deflection Observed Yield of 

















SB1 4.8 135.7 3.4 1083.0 -6.6 -1.5 -2.6 7.0 0.0 1.2 No Yes 
SB2 8.0 125.6 6.0 1363.0 -8.0 -2.1 -3.7 7.7 0.3 1.8 No Yes 
SB3 12.0 121.2 9.0 1736.9 -9.6 -1.8 -4.1 10.7 0.1 2.2 No Yes 
SB4 8.0 124.0 6.1 1154.6 -8.2 -1.3 -4.3 8.6 -0.1 1.9 No Yes 
SB5 8.0 128.7 5.9 3072.1 -8.1 -2.8 -4.8 11.8 0.8 2.9 No Yes 
SB6 8.0 132.4 5.7 1165.8 -8.1 -3.2 -3.8 9.2 1.0 2.6 No Yes 
SB7 8.0 123.7 6.1 1209.7 -9.2 -0.3 -4.5 26.6 -0.1 4.2 No Yes 
SA1 8.3 124.4 6.3 944.0 -16.6 -11.0 -12.6 0.8 0.2 0.2 No Yes 
SA2 8.3 124.4 6.3 1440.0 -10.8 -7.6 -7.8 2.3 0.0 11.8 No Yes 
    2P
P        
Steel fracture 
failure 
SB1 4.8 135.7 3.4 725.0 -21.6 -1.4 -2.3 21.8 0.0 1.0 No Yes 
SB2 8.0 125.6 6.0 1514.0 -58.0 -3.2 -9.2 57.8 0.6 2.2 No Yes 
SB3 12.0 121.2 9.0 2030.0 -50.4 -2.7 -9.8 50.6 0.3 3.1 No Yes 
SB4 8.0 124.0 6.1 1183.0 -38.0 -1.6 -9.7 36.9 0.0 1.6 No Yes 
SB5 8.0 128.7 5.9 1373.0 -23.5 -3.2 -4.6 27.1 0.7 2.5 No Yes 
SB6 8.0 132.4 5.7 1268.0 -36.6 -9.8 -7.6 37.7 1.7 3.6 No Yes 
SB7 8.0 123.7 6.1 1108.0 -31.7 -0.4 -5.1 35.7 0.0 4.4 No Yes 
SA1 8.3 124.4 6.3 1218.0 -85.1 -64.5 -46.8 0.0 3.0 1.8 No No 
SA2 8.3 124.4 6.3 1657.0 -60.2 -37.3 -24.0 0.0 0.3 12.1 No Yes 
/ ( )s c st h t    is the flexural reinforcement ratio. Deflections of three locations were chosen for the bottom shell i.e. middle point, 
points with a distance 280 mm away from the middle point in arch direction and width direction respectively. For top shell, points at the 
load point, at ¼ of the arch and width for SB1~SB7. Load point, 200 mm away from it both in arch and width direction are chosen for 
specimens SA1~SA2.  
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Fig.  6.1(a) Dimension of the SA1 
 
Fig. 6.1(b) Dimension of SA2 
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Fig. 6.2 (a) Dimension of SCS sandwich composite shell SB1~SB3  
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Front View Side View
Top View 3D View
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Fig. 6.2(b) Dimension of SCS sandwich composite shell SB4 
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Fig. 6.2(c) Dimension of SCS sandwich composite shell SB6 
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Dimension of specimen SB7
 
Fig. 6.2(d) Dimension of SCS sandwich composite shell SB7 
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(a) Rolling steel plate into shell  (b) Welding connectors to the shell 
 
(c) Bend Test   (d) Skeleton    (e) Casting 
Fig. 6.3 A step-by-step precedure of fabricating curved SCS sandwich composite 
structure 
  
(a) Casting of SCS sandwich composite shell (b)  Step A: concrete mixing 
  
(c) Step B: pumping ULCC (d) Step C: casting 
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Linear Strain Gauge  
 
Fig. 6.6 (b) Rosette location of specimen SB1   Fig. 6.6(c) Rosette Location of specimen SB2      Fig. 6.6(d) Rosette Location of SB3 
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Fig. 6.6(h) Location of the transducers of specimen SB6  Fig. 6.6 (i) Location of the transducers of specimen SB7 
Fig.  6.6 Layout of the transducers and strain gauges 
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(b) Detail A       (c) Details of support (b)Compression test; (c)Splitting test; (d)Tension test of coupon; (e)Tension test of steel bar 
Fig. 6.7 Test setup of SA1 and SA2       Fig. 6.8 Test setup on SB1~SB7 and material test
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Fig. 6.9 Load-deflection curves of specimen SA1 and SA2 
 




















































Chapter 6 Experimental Study on SCS Sandwich Composite Shell under Point Load  
 
   ‐ 275 - 
 
 
Fig. 6.10(b) Load-central deflection curves of specimen SB4~SB6 
 
(a) Deformed shape of SB1 
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(c) Deformed shape of SB3 
 
(d) Deformed shape of SB4 
 
(e) Deformed shape of SB5 
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SB2 SB4 SB5 SB6 
(h) Observed punching shear failure in the top steel shell in different specimens 
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(j) Deformed shape and punching shear failure in the steel plate of SA2 





Centerline of the arch 
Unit: kN 
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Fig. 6.13(a) Deflection curves of bottom shell of SB1 at different load levels 
 


















Location of the transducer (mm)
110kN 220kN 330kN 440kN
600kN 750kN 1000kN 1083kN
0 287           625          963      1250
0 313 625          918        12500 287         625         963       1250
0 313            625        918       1250



















Location of the transducer (mm)
110kN 220kN 330kN 440kN
600kN 750kN 1000kN 1083kN
0 313        625       918      12500 287        625         963       1250
0 287       625       963      1250 0 313        625     918       1250
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Fig. 6.13(c) Deflection curves of bottom shell of SB2 at different load levels 
 





















Location of the transducer (mm)
110kN 220kN 330kN 440kN 600kN
800kN 1000kN 1200kN 1367kN 1300kN
0 313      625      918     12500 287      625      963    1250





















Location of the transducer (mm)
110kN 220kN 330kN 440kN 600kN
800kN 1000kN 1200kN 1367kN 1300kN
0 287       625       963      1250 0 313        625     918       1250
0 313      625      918     12500 287     625     963    1250
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Fig. 6.13(e) Deflection curves of bottom shell of SB3 at different load levels 
 





















Location of the transducer (mm)
220kN 110kN 330kN 440kN 600kN
800kN 1000kN 1200kN 1400kN 1736.9kN
0 287        625        963       1250 0 313           625         918       1250

















Location of the transducer (mm)
110kN 220kN 330kN 440kN 600kN
800kN 1000kN 1200kN 1400kN 1736.9kN
0 287      625      963     1250 0 313        625       918        1250
0 287         625         963     1250
0 313         625           918        1250
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Fig. 6.13(g) Deflection curves of bottom shell of SB4 at different load levels 
 




















Location of the transducer (mm)
110kN 220kN 330kN 440kN
600kN 800kN 1000kN 1154.6kN
0 313      625      918     12500 287      625      963    1250




















Location of the transducer (mm)
110kN 220kN 330kN 440kN
600kN 800kN 1000kN 1154.6kN
0 313      625      918     12500 287      625      963    1250
0 287         625         963     1250 0 313         625         918        1250
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Fig. 6.13(i) Deflection curves of bottom shell of SB5 at different load levels 
 





















Location of the transducer (mm)
110kN 220kN 330kN 440kN 700kN
1000kN 1300kN 1500kN 1800kN 2000kN
2300kN 2500kN 2800kN 3072.1kN 2750
0 313      625      918     12500 287      625      963    1250
0 287         625         963     1250


















Location of the transducer (mm)
110kN 220kN 330kN 440kN 700kN
1000kN 1300kN 1500kN 1800kN 2000kN
2300kN 2500kN 2800kN 3072.1kN 2750kN
0 313      625      918     12500 287      625      963    1250
0 287         625         963     1250
0 313         625         918        1250
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Fig. 6.13(k) Deflection curves of bottom shell of SB6 at different load levels 
 

















Location of the transducer (mm)
110kN 220kN 330kN 440kN
600kN 700kN 800kN 1000kN
900kN 1165.8kN 1000kN
0 313      625      918     12500 287      625      963    1250
0 287         625         963     1250


















Location of the transducer (mm)
110kN 220kN 330kN 440kN
600kN 700kN 800kN 1000kN
900kN 1165.8kN 1000kN
0 287         625         963     1250 0 313         625         918        1250
0 313      625      918     12500 287      625      963    1250
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Fig. 6.13(m) Deflection curves of bottom shell of SB7 at different load levels 
 
Fig. 6.13(n) Deflection curves of top shell of SB6 at different load levels 


















Location of the transducer (mm)
110kN 220kN 330kN 440kN
500kN 700kN 800kN 1000kN
900kN 1100 1209.7kN 1100kN
0 313      625      918     12500 287      625      963    1250
0 287         625         963     1250

















Location of the transducer (mm)
110kN 220kN 330kN 440kN
500kN 700kN 800kN 900kN
1000kN 1209.7kN 1100kN 1100kN
0 313      625      918     12500 287      625      963    1250
0 287         625         963     1250 0 313         625         918        1250
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Fig. 6.14 (a) Deflection curves of bottom shell of SA1 before achieving Pp1 
 
Fig. 6.14(b) Deflection curves of bottom shell of SA1 after achieving Pp1 
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850kN 900kN 944kN 820kN
900kN 1000kN 1100kN 1217kN
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Fig. 6.15 (a) Deflection curves of bottom shell of SA2 at different load levels 
 
Fig. 6.15(b) Deflection curves of bottom shell of SA2 at different load levels 
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Fig. 6.16(a) Strain distribution of SA1 
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Fig. 6.16(c) Strain distribution of SB1 
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Fig. 6.16(e) Strain distribution of SB3 
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Fig. 6.16(g) Strain distribution of SB5 
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Fig. 6.16(i) Strain distribution of SB7 
Fig. 6.16 Load-strains curves in the steel shells of SB1~SB7 
 















































Yield Strain Ultimate Strain
  P1 P2 
SA1 P(kN) 944 1218
 δ (mm) 16.6 85.1 
Ke kN/mm 265  
SA2 P(kN) 1440 1657
 δ (mm) 10.8 60.2 
Ke kN/mm 358  
With J-hook 
No connectors 
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Fig. 6.17 (b) Effect of thickness of surface skin steel shell on strength of the SCS 
sandwich shell 
 



















































  P1 P2 
SB1 P(kN) 1083 725. 
 δ (mm) 6.6 21.6 
SB2 P(kN) 1363 1514. 
 δ (mm) 8.0 58.0 
SB3 P(kN) 1737 2030. 
 δ (mm) 9.6 50.4 
5st mm  
8st mm  
12st mm  
First Peak Resistance 
Second Peak Resistance 
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Fig. 6.17 (d) Effect of spacing of connectors on strength of the SCS sandwich shell 
 




































  P1 P2 
SB2 P(kN) 1363 1514.
 δ (mm) 8.0 58.0 
SB4 P(kN) 1155 1183 
 δ (mm) 8.2 38 
  P1 P2 
SB2 P(kN) 1363 1514.
 δ (mm) 8.0 58.0 
SB5 P(kN) 3072 1373 
 δ (mm) 8.1 23.5 
214, 208a wS S mm   
115, 125a wS S mm   
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Fig. 6.17 (f) Effect of curvature on strength of the SCS sandwich shell 
 







































  P1 P2 
SB2 P(kN) 1363 1514 
 δ (mm) 8.0 58.0 
SB6 P(kN) 1166 1268 
 δ (mm) 8.1 36.6 
SB7 P(kN) 1210 1108 
 δ (mm) 9.2 31.7 
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Fig. 6.17 (h) Effect of R / sh  on the generalized shear stress based on the measured critical 
perimeter 0U =    125 2 500a b al l l     mm. 
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(a) Before the first peak resistance  (b) After the first peak resistance 
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CHAPTER 7  ANALYSIS ON PUNCHING SHEAR 
STRENGTH OF STEEL-CONCRETE-STEEL 
SANDWICH COMPOSITE SHELL STRUCTURE 
7.1 Introduction 
In Chapter 6, the structural behaviors of the SCS sandwich composite shells under patch 
loading were experimentally investigated. From the literatures, it is observed that there 
are no design guidelines on this type of structures. Nevertheless, researches on this topic 
are quite limited. Therefore, it is of interest to develop design approaches to predict the 
load carrying capacity of the SCS sandwich composite shell under patch loading or point 
load.  
In this chapter, a design approach is developed by modifying design formulae in 
Eurocode 4, and this approach is only limited to punching shear strength of the SCS 
sandwich composite shell structure.  Considering the difference between the reinforced 
concrete structure and SCS sandwich composite shell structure, modifications are made to 
the control perimeter and effective depth of the sandwich shell to calculate the punching 
shear strength. In addition, all these modifications are based on the experimental results in 
Chapter 6. Finally, the predictions by the proposed design approach are verified against 
the test results described in Chapter 6. Test results from Shukry (1986) are also used to 
verify the proposed design approach.  
Chapter 7 Analytical Analysis on Punching Shear Strength of Steel-Concrete-Steel 
Sandwich Composite Shell Structure  
 
‐ 298 -   
 
7.2 Applications and considerations 
This developed curved SCS sandwich composite shells is proposed as the ice-resistant 
wall for the offshore platforms in the Arctic region. Therefore, the ice contact pressure 
acted on the structure is the main concern.  
In API RP 2N, for the concrete structures, the punching shear capacity needs to be 
checked due to high local ice contact pressure. There are no specifications for the SCS 
sandwich composite shell structures. The specifications for concrete structures can be 
referred to ACI 318. There were also some recommended models proposed by McLean 
(1987) and Phan (1988). Some experimental datas on the punching shear strength of the 
concrete shell were also given by Birdy (1985) and Berner (1992). 
In API RP 2N, the ice loads are governed by the driving forces of either water current and 
wind that acted on the ice sheets, ridge formation forces, loads limited by ice momentum, 
and ice loads due to ice crushing. Ice loads limited by the driving forces are specified as 
following 
1) Ice load driven by the water current is: 
20.5w w w wF C AV      (7.1a) 
where, wC = water drag coefficient; w = water density (1000 kg/m3);  wV = relative water 
velocity; A = floe area, m2. 
2) Ice load driven by the air velocity is: 
20.5a a a aF C AV      (7.1b) 
where, aC = air drag coefficient; a = air density (1.3 kg/m3);  aV = air velocity at 10 meter 
elevation. 
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The ice loads are also restrained by the ice momentum. This ice feature will crush and 
penetrate until the energy of the ice floe is consumed. Therefore, the volume of the 
crushed ice is calculated by 
  
222 2
/ 1 1 tan
2 2
gRMV MV Y Vol
R R
                  
   (7.2a) 
where, M = Ice and water mass; V = Velocity of ice; Y = Eccentricity of center of gravity; 
R = Distance from hit to center of gravity; gR = Radius of gyration at center of gravity; 
 = Coefficient of friction;  = Angle of hit,  =0 for direct hit;  = Crushing strength 
of ice; Vol=volume of the crushed ice. 
The impact force acting on the structure is  
aF A       (7.2b) 
The ice loads of ice crushing failure mode is specified as 
a tF p Dt      (7.3) 
where, D =the diameter or width of the structure; t= thickness of the ice; tp = effective 
ice crushing pressure. 
Masterson (1993) provided a design formula based on two standard deviations above the 
mean (M+2SD) of the measured ice pressure, which is, 
2
2
8.1 0.1( ) 29





    
    (7.4a) 
where, tp =ice contact pressure, MPa; A=ice contact area, m
2. 
A formula based on three standard deviations above the mean (M+3SD) was also 
proposed and listed as following,  
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    
    (7.4b) 







      (7.5) 
where, l=shape factor for the pier, 1.00 for rectangular, 0.9 for circular, 0.81 for a 120° 
wedge, 0.73 for a 90° wedge, 0.69 for a 75° wedge, 0.65 for a 60° wedge; cf =contact 
factor, it depends upon the structure width and ice velocity, and ranges from 0.4 to 0.7; 
c =crushing strength obtained from testing cubic shaped ice samples; V =velocity of the 
ice. A constant of 2.5 is set to consider local crushing. 
Later, a modified Korzhavin’s equation is proposed as below: 
t c cp l f      (7.6) 
where, cl =indentation factor; f =contact factor. 
A design formula based on the reference stress method was developed by Ponter (1983). 
Further developments were contributed by Sanderson (1984a) and Walden (1987). This 








        
    (7.7) 
where, v = Relative brine volume; 0v = Relative reference brine at which ice has no 
strength; V = Ice velocity (m/sec); l = Indentation coefficient; Q = Activation energy 
(65000 joules/mole); R = Universal gas constant (8.314 joules/mole per °K); T = Average 
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ice temperature (°K);  = Reference stress coefficient; C = Crystallographic constant; D
= Diameter or width of structure. 







         (7.8) 
where, ep =Local pressure; A =local load area, m
2. 
In ISO 19906, the ice loads acted on the structure are categorized by global ice load and 
local ice load. In ISO 19906, clause A.8.2.5.3, the local ice pressure for the thick, massive 
ice features is specified as following 
0.70 2
2
7.40A ( ) A 10m




   
     (7.9) 
where, A=local design area, in m2. 
In ISO 19906, clause A. 8.2.4.3, the global load acted on the vertical structure due to ice 
crushing can be calculated by the following equation; 
'G GF p A       (7.10a) 
where, 'A = nominal contact area; Gp = ice pressure. 






          (7.10b) 
where, RC = strength coefficient; w= width of the structure, in m; h = thickness of the ice 
sheet, in m; ,m n  are empirical exponents to account for size effect; w = 1.6; n = 
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0.5 / 5 for <1.0mh h  , = 0.3 for 1.0mh  . 
7.3 Analysis on punching shear strength of SCS sandwich shell 
This analytical model is developed by modifying the formulae calculating punching shear 
strength of the slab in EC4 and EC2. In this section, the control perimeter for calculating 
the punching shear strength is firstly modified based on the experimental investigations 
on the curved SCS sandwich composite structure. The stress acted on the control 
perimeter is calculated using methods in EC2. After that, new formulae developed for the 
curved SCS sandwich composite structure on calculating punching shear strength are 
proposed. 
7.3.1 Modified controlled perimeter for SCS sandwich composite shell 
From the literature review, it can be observed that a control perimeter with a distance of 
two times the depth of the slab away from the periphery of the loading area was used to 
calculate the punching shear resistance of the RC slab. The inclination angle between 
punched shear failure surface and free concrete surface is assumed to be 26.6°.  In this 
section, this inclination angle will be modified based on the test results of nine SCS 
sandwich composite shells. Based on the proposed inclination angle, the control perimeter 
of the punching shear failure will be modified.  
From the obtained inclination angle of the shear failure face for the punched cone of the 
core material, it can be observed that the inclination angle in the arch direction varies 
from 38.5°~41.8° with an average value of 40° (shown in Table 6.4). It is also observed 
that this angle varied with the curvature. This angle increases from 31.1° to 38.5° and 
45.3° when the curvature ratio-L/R increases from 0.53 to 1.41 and 2, respectively. The 
relationship between the inclination angle of shear failure surface along the arch direction 
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a  and the curvature can be expressed as following 
0.264 /26.75 L Ra e       (7.11) 
where, L  and  R  are the clear span and radius of inner shell, respectively; a  is in degree. 
The reasons choosing the exponential function are that 1) when L/R=0 the a should be a 
value about 26.6 degree; 2)   
This trend is shown in Fig. 7.1. From this figure, it can be found that the proposed 
formula can describe the relationship between angle of shear failure surface and curvature.  
For inclination angle along the longitudinal width direction, an average value of 25-
degree is proposed. Considering the inclination angle of 26.6 degree is used in EC2, the 
26.6b    is used for calculating the critical perimeter in the width direction.  
Therefore, the critical failure surface can be calculated by the following formulae: 
   0 a( ) 2( ) 4b aU L a L L a         (7.12) 
where,  2 sin ; 2 cota b c bL R L h a    ; 1 tan / 2cos cosa ca aR a hR
           
1 tan / 20 cos cos 90a c a
R a h
R
       
 .
 
The formulae of the lengths for the control section that are used to calculate the shear 
strength along the arch direction and the longitudinal direction are specified as following 







        (7.13a)  
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L L L a
         (7.13b)  
The curvature of the shell not only changes the inclination angle of the shear failure 
surface but also changes the actual effective depth of the control section as shown in Fig. 
7.2. As shown in this figure, the height of the section along the longitudinal direction 
remains the same thickness ch  whilst the height of the shear failure section along the arch 
direction increases to a larger value due to the curvature of the shell. The height for 
control section are modified as following for the arch and longitudinal direction 
        2 22 / 2 1 cosarch s c s c s
long c
h R t h R t h a R t
h h
           
  (7.14) 
where, archh  and longh are the height of the control section in arch and longitudinal 
direction, respectively.  
7.3.2 Punching shear strength of the core material 
The punching shear resistance of the concrete core is similar to the specifications in EC 2 
as following  
, ,0.75 Rd c Rd sV V V       (7.15) 
The punching shear strength contributed by the concrete comprises two main components 
that are shear resistances along the arch direction and shear resistances along the 
longitudinal direction. These components are calculated as following 
 , 2Rd c arch longV V V       (7.16a) 
arch c a longV v L h      (7.16b) 
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long c b archV v L h      (7.16c) 
where,  1/3 10.18 / 100c c ck cpv k f k    ; 1 200 / 2.0 in mmc ck h h   ; 
0.02x y    , ,x y   relate to bonded tension steel in x- and y- directions 
respectively;   / 2cp cx cy    , ,cx cy   are the normal concrete stresses in the critical 
section in x- and y- direction (in MPa, positive in compression). 
Another issue that needs to be carefully considered is that the steel face shell of the SCS 
sandwich structure changes the effective depth of the section. From the strains measured 
in the steel face shell during the tests on the seven specimens, it is observed that the 
strains developed in the inner bottom steel shells are much smaller than those in the outer 
top surface skin shell when the structure achieves the maximum punching shear strength 
(as shown in Table 6.3). Ebead and Marzouk (2002) used concept of the effective depth 
to calculate the punching shear strength of the RC slab stiffened by the steel plates. In this 
study, only the top steel shell is considered to modify the effective depth of the SCS 
sandwich composite shell, which is based on the observations of the strains developed in 
the two steel face shells. The modified depths of the structure are 
 = /long long s s ch h t E E      (7.17a) 
= /arch arch s s ch h t E E      (7.17b) 
where, longh  and archh  are the effective depth of the SCS sandwich composite shell in 
width and arch direction, respectively. 
Considering the shear connectors are used in the structure, the shear resistance provided 
by the connectors can be calculated by 
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, sinc tRd s c
n FV h
s
      (7.18) 
where, tF  = the tension capacity of the connector embedded in the core material; ch  = 
thickness of the shell section; s = average spacing of the connectors;  =angle between 
the shear stud and the plane vertical to the radius crossing the center of the loading area; 
cn =quantity of the connectors linking shear cracks in the concrete.  
Tension capacity of the shear connectors can be calculated by the recommended design 
approaches in Chapter 4, section 4.3. 
7.3.3  Punching shear strength of the steel face shell 
The core concrete material fails prior to the skin steel shell that can be judged from the 
strain compatibility between the steel face shell and the core concrete. After the core 
concrete is punched through when the structure is subjected to patch loading, the SCS 
sandwich composite shell exhibits a certain degree of residual strength benefiting from 
the local tension membrane effect of the top steel shell after the core material is punched. 
This local tension membrane behavior occurs in the periphery of the load point. The 
working principle is shown in Fig. 7.3. The applied patch loading is transferred to the 
support and redistributed to a larger control perimeter through the tension membrane 
effect of the top steel shell. If the punching shear strength calculated by the new 
redistributed perimeter is larger than the punching shear strength of the outer steel shell in 
the vicinity of the loading area, the outer steel shell will be punched through. Otherwise, a 
larger perimeter core material will be punched. Moreover, if the width of the arch is 
limited, a larger control perimeter cannot be developed and the structure probably fails in 
global buckling.  
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For the residual strength provided by the outer top steel shell, the punching resistance of 
the SCS sandwich structure is governed by  
0.6Punch u s pV f t U      (7.19) 
where, =2 )pU a b（  is the perimeter of the patch loading area; a and b are the length of 
the longer and shorter side of the rectangular patching loading area, respectively.  
7.4 Comparisons between the test results and predictions 
As mentioned in the above sections and chapter 2, there is limited literature on calculating 
punching shear strength of SCS sandwich composite structures especially on the SCS 
sandwich composite shell structure. Predictions by three different design guidelines i.e. 
ACI 318-08, EC2 and CEB-FIP were given and compared with the test ones. Moreover, 
the predictions using the modified formulae Eqns. 7.11~7.19 were also provided and 
verified against the test ones. 
The formulae used to provide predictions on punching shear strength of the RC slabs are 
summarized as the following (details please refer to section 2.4.3, Chapter 2); 
a) EC2 (Eurocode 2, 2003) and CEB-FIP (CEB-FIP, 1990) Code 
, ,
1
10.75 1.5 sinRd cs Rd c sw ywd
r
dv v A f
s u d
      (2.29a) 
, 1Rd csV v u d        (2.29b) 
where,      1/3, 1 min 10.18 / 100Rd c c ck cp cpv k f k v k       ;  
b) ACI 318-08 Code 
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c sv v v        (2.30) 




    
   (2.31a) 
0.083 2c s ck
dv f
u
         (2.31b) 






       (2.32) 
where, s =spacing of the connectors. 
Therefore, the punching shear resistance of the slab is 
V vud       (2.33) 
where, u=control perimeter with a distance 0.5d away from the loading area. 
c) Method by Sabnis and Shadid (1994) 
For a circular loaded area 
0.010.054 sin 10ckP R t f
         (2.43a) 
For a square loaded area 
0.010.059 sin 10ckP R t f
         (2.43b) 
For shells without shear reinforcement,  
0.014 sin ckP R t f          (2.43c) 
In order to make more verifications against the recommended design formulae, test 
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results carried out by Shukry (1986) were used to enlarge the experimental sample library 
of the tests on SCS sandwich composite shell. The details of these specimens are listed in 
Table 7.1. The predictions by the Eqns. 7.11~7.19 proposed in this chapter, ACI 318-08, 
EC2 & CEB-FIP, and formulae proposed by Sadnis & Shadid are listed and compared 
with the test results in Table 7.2. Fig. 7.4 shows the scatters of ratios of test-to-prediction 
by the design codes and proposed formulae. Figs. 7.4~7.6 show the comparisons between 
the predictions and test results from authors and Shukry (1986), respectively. From Table 
7.2, Figs. 7.4~7.6, several observations are summarized as follows: 
a) The proposed formulae Eqns. 7.11~7.19 give the best predictions compared with 
predictions by ACI 318-08, EC2 & CEB-FIP, and formulae by Sabnis & Shadid (1994). 
The mean value of test-to-prediction ratio for the Eqns. 7.11~7.19 is 1.33 with COV of 
0.23 for specimens with shear studs whilst these values for the total 20 specimens listed in 
Table 7.2 are 1.41 and 0.17. This implies the proposed modified formulae give better 
predictions than predictions by the other design guides considering both reliability and 
accuracy. 
b) EC2 & CEB-FIP give the most unsafe predictions to SCS sandwich shells with 
shear stud connectors but give relatively higher predictions than the test results of the 
shells without shear connectors. Reason for these under- or over- predictions is that the 
control perimeter is not appropriately defined for calculation of the punching shear 
strength. The EC2 defined control perimeter with a distance of 2 times of the depth away 
from the periphery of the loading area while ACI 318-08 defines a much smaller 
perimeter with a distance of 0.5 times of the depth for this control perimeter. This means 
larger control perimeter contains more shear studs providing the punching shear 
resistance to the section. This can explain some under-predictions on specimens with 
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shear studs and the over-predictions without shear reinforcements. The control perimeter 
specified by EC2 was much larger than the perimeter observed from the tests. 
c) By the ACI 318-05 method, the average test-to-prediction ratio is 2.49 with COV 
of 0.20. One main reason caused the underestimation on the punching resistance is the 
smallest definition of control perimeter among all the prediction methods. The control 
perimeter with a distance of 0.5d away from the periphery of the loading area was found 
much smaller than the real punched frustum measured from the test. Therefore, the 
quantity of the overlapped connectors is smaller than the number of the connectors 
linking the shear failure surface. 
d) From observations in b) and c), it is essential to carefully define the control 
perimeter when calculating the punching shear strength of the SCS sandwich composite 
shell structure. Based on the test observations, the control perimeter was modified to 
lower value compared with that specified in EC2 and CEB-FIP. It was also observed that 
the control perimeter varies with curvature. With the modified control perimeter, the 
modified formulae offered good agreement with the test results. 
e) For the formulae proposed by Sabnis & Shadid(1994), the corresponding 
predictions overestimate the punching shear resistance of the SCS sandwich shell without 
shear connectors This is because the proposed formulae are empirical ones derived from 
the regression analysis on the concrete shells with shear reinforcements. Hence, the 
formulae overestimate the strength of the specimens without shear reinforcements. These 
formulae also underestimate the SCS sandwich shell with headed shear connectors, the 
underestimations are caused by ignoring the influence of the steel face shell. 
f) The proposed formulae Eqn. 7.19 predicting the second peak resistance of the 
SCS sandwich composite shell-punching shear strength of the surface skin offer good 
agreements with the test results. 
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7.5 Comparisons between the test results and the ice-pressure 
The ice-pressure that acted on the ice-resistant structures was discussed in section 7.2. 
From those formulae in that section, it can be found that the ice-pressure was governed by 
either external force driving or fracture of ice objects.  
The local pressure for the thick massive ice features was calculated by Eqn. 7.9 as 
specified in the ISO 19906. Materson proposed another formula to calculate the ice 
pressure based on the upper bound of the mean value with three times standard deviation 
(by Eqn. 7.4(b)).  
By the Eqns. 7.4(b) and 7.9, the ice pressure acted on the full scale structure were equal to 
13 / 0.5aP  =26 MPa  and 0.77.4 0.25 19.5aP    MPa, respectively. From the 
experiments, it can be found that the ultimate resisting pressures for the seven specimens 
i.e. SB1~SB7 and SA1~SA2 were 69 (First peak resistance/interaction area), 77, 111, 
73.9, 197, 74.6, 77.4, 60 and 92 MPa, respectively. All the punching shear resistances of 
the SCS sandwich composite shells were much larger than the ice pressure calculated by 
the design codes. Therefore, it can be concluded that all these SCS sandwich composite 
shells possess larger resistance than the ice pressure as specified either in API RP 2N or 
ISO 19906.   
7.6 Design recommendations 
A step-by-step design recommendation is illustrated as following; 
7.6.1 Calculating punching shear strength of the SCS sandwich composite shell (calculate 
the first peak strength of the structure) 
1) Calculate control perimeter using Eqns. 7.11~7.13;  
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2) Within the scope of the control perimeter, calculate the number of the shear 
connectors that contribute to the punching shear strength of the shell-ns; 
3)  Calculate pull-out strength of the shear connector-Ft embedded in the core 
material using Eqns. 4.9~4.15. 
4) Calculate the control length and equivalent depth of the section that used to 
calculate the punching shear strength of the structure by Eqns. 7.3and 7.6. 
Calculate the core material punching shear resistances in the arch and longitudinal 
respectively by Eqns. 7.16 ~ 7.17, respectively. 
5)  Calculate the punching shear resistance contributed by the connectors using Eqn. 
7.18. 
6) Calculate the total punching shear resistance of the SCS sandwich composite shell 
by Eqn. 7.15. 
7.6.2  Calculating punching shear strength of the surface skin steel shell (for second peak 
strength of the structure) 
Use Eqn. 7.19 to calculate the punching shear strength of the outer top steel shell that 
relates to the second peak value of the resistance of the structure. 
7.6.3 Determine the ice-contact pressure from ISO 19906 and compare the determined 
strength with the calculated punching shear resistance of the shell. 
7.7 Summary 
In this chapter, based on test results of nine specimens, an analytical method on punching 
shear strength of SCS sandwich composite shell structures was developed. Some 
conclusions are drawn from these analytical studies as following; 
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1) With the recommended formulae on calculating the control perimeter, the punching 
shear resistance of the core material and the number of the shear connectors could be 
calculated. The modified proposed formulae in EC2 with the recommended control 
perimeter were used to predict punching shear strength of the SCS sandwich 
composite structure. 
2) The shear resistances of the mechanical shear connectors can be determined by their 
pull-out resistance in the concrete. By the recommended design formulae in Chapter 4, 
this strength can be easily calculated. With the calculated pull-out strength of the shear 
connector, the shear resistance contributed by the connector can be easily determined. 
3) 11 test results carried out by Shukry (1986) were used to make more solid verification 
of the proposed design formulae. Predictions by EC2, ACI 318-08 and formulae by 
Sabnis and Shadid (1994) were used to compare with the test results. The ACI 318-08 
gives the most conservative predictions due to its smallest control perimeter on 
calculating punching shear resistance. EC2 gives some over-predictions due to much 
larger definition of the control perimeter of the shear section. The formulae proposed 
by Sabnis and Shadid (1994) also gives some over-predictions on SCS sandwich shells 
without connectors due to that these formulae were obtained through regression 
analysis from the test results of concrete shells with shear reinforcements. Through the 
comparisons between the test results and the predictions by different design formulae, 
it was observed that the proposed design formulae 7.1~7.8 give the best predictions 
both in precision and reliability. 
4) Based on the verifications, a step-by-step design recommendation is given to calculate 
the punching shear strength of the SCS sandwich composite shell structure with or 
without mechanical shear connectors. 
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Table 7.1 Details of the SCS sandwich composite shell tested by Shukry (1986) 
















B5 1.97 14.5 172.5 58.0 35.5 249 
40x40 
26.4 
B6 2 14.1 262.5 54.0 35.6 213 24.7 
B7 1.97 12.7 350.0 50.0 37.1 270 21.5 
C1 2 22.3 172.5 65.8 35.5 255 50.1 
C2 1.95 21.9 250.0 54.0 35.6 266 40.2 
C3 1.89 21.5 375.0 50.0 37.1 275 39.0 
C4 1.94 23.1 500.0 58.4 35.5 271 32.8 
D1 1.95 26.8 210.0 65.8 35.5 251 59.0 
D2 1.94 27.3 300.0 58.4 35.5 276 49.0 
D3 1.94 26.1 450.0 58.4 34.4 265 45.3 
D4 1.93 27.7 600.0 58.4 34.4 268 43.5 
 
* The specimens in this table were designed without any shear connectors. 
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Table 7.2 Comparisons between the test results and predictions by proposed design formulae and design codes 
  Test By  Author 
ACI  
318-05 
EC2 &  
CEB-FIP Sabnis & Shadid 








































  (1) (2) (3) (3)/(1) (5) (5)/(2) (6) (6)/(1) (8) (8)/(1) (9) (9)/(1) 
1 SB1 1083.0 725.0 1024.8 1.06 724.3 1.00 678.5 1.60 1348.3 0.80 657.3 1.65 
2 SB2 1363.0 1514.0 1076.9 1.27 1177.0 1.29 648.4 2.10 1310.3 1.04 676.4 2.02 
3 SB3 1736.9 2030.0 1242.1 1.40 1780.6 1.14 675.0 2.57 1355.8 1.28 769.0 2.26 
4 SB4 1154.6 1183.0 928.6 1.24 1177.0 1.01 617.4 1.87 1179.2 0.98 702.7 1.64 
5 SB5 3072.1 1373.0 1675.5 1.83 1177.0 1.17 1151.5 2.67 2156.6 1.42 1218.7 2.52 
6 SB6 1165.8 1268.0 1154.8 1.01 1177.0 1.08 572.8 2.04 1431.2 0.81 820.8 1.42 
7 SB7 1209.7 1108.0 1077.5 1.12 1177.0 0.94 667.8 1.81 1348.5 0.90 662.1 1.83 
8 SA1 944.0 1218.0 674.9 1.40 1301.8 0.94 272.8 3.46 435.8 2.17 540.3 1.75 
9 SA2 1440.0 1657.0 856.7 1.68 1301.8 1.27 445.6 3.23 788.6 1.83 568.5 2.53 
  No.1~ 9 Mean 1.33  1.10  2.37  1.25  1.96 
    COV 0.23  0.12  0.30  0.40  0.20 
10 B5 26.4 - 16.3 1.62 - - 9.5 2.79 10.7 2.48 30.7 0.86 
11 B6 24.7 - 15.6 1.58 - - 8.8 2.79 10.0 2.47 30.3 0.82 
12 B7 21.5 - 13.5 1.59 - - 7.6 2.83 8.5 2.54 27.8 0.77 
13 C1 50.1 - 28.7 1.74 - - 16.9 2.96 20.7 2.42 42.1 1.19 
14 C2 40.2 - 26.4 1.52 - - 14.9 2.70 18.8 2.14 38.9 1.03 
15 C3 39.0 - 24.7 1.58 - - 14.0 2.80 17.7 2.20 37.8 1.03 
16 C4 32.8 - 28.7 1.14 - - 16.6 1.98 20.9 1.57 43.9 0.75 
17 D1 59.0 - 37.4 1.58 - - 21.4 2.76 27.4 2.15 48.1 1.23 
18 D2 49.0 - 37.0 1.32 - - 20.6 2.38 27.1 1.81 47.6 1.03 
19 D3 45.3 - 34.2 1.32 - - 19.4 2.33 25.3 1.79 47.6 0.95 
20 D4 43.5 - 36.8 1.18 - - 21.0 2.07 27.8 1.57 50.4 0.86 
  No.  10~20 Mean 1.48    2.58  2.10  0.99 
    COV 0.14    0.13  0.17  0.18 
  Total  Mean 1.41  1.10  2.49  1.72  1.43 
    COV 0.17  0.12  0.20  0.35  0.40 
* Stdev=standard deviation;  
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Illustraion of control perimeter
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Fig. 7.3 Illustration of tension membrane effect 
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Fig.  7.5 Comparisons of test results with predictions by codes and proposed formulae 
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CHAPTER 8  CONCLUSIONS AND 
RECOMMENDATIONS 
8.1 Review of completed research work 
The objective of this research is to develop a type of SCS sandwich system with 
mechanical shear connectors and lightweight core to be used in offshore structures 
located in the Arctic region. This lightweight SCS sandwich structure was proposed as the 
ice-resistant structure to resist localized contact pressure due to floating ice. New ultra-
lightweight materials (ULCC) developed in the NUS and new J-hook connectors were 
used in the SCS sandwich shells to reduce the overall weight and to enhance the bond 
between steel face plates and cementitious core to achieve greater strength and stiffness.  
The ultimate strength behavior of the shear connectors were studied through push- and 
pull-out tests and finite element methods. Several SCS sandwich beams were tested to 
investigate their ultimate strength behavior and the test results were used to validate the 
analytical and FE models. The test program was further extended to include SCS 
sandwich composite shells subject to patch load. 
The studies on the development of new types of mechanical shear connectors were 
carried out in the first part of this thesis (Chapter 3). Nine types of novel mechanical 
shear connectors were developed for the SCS sandwich composite structure. Finally, the 
effectiveness of the shear connectors were studied through the comparative studies on the 
prototype beams tests. 
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In this thesis, the strengths of the J-hook shear connectors were investigated 
experimentally (Chapter 4). These investigations focused on connectors subject to 
longitudinal shear, tension, and combined actions due to shear and tension. The shear 
strength behavior of the J-hook connector was investigated by testing 51 pairs of push-out 
test specimens. Tension capacity of the J-hook connectors was investigated by 79 pull-out 
test specimens. Finite element analyses were carried out and validated by test results.  
Finally, the strength of the J-hook shear connectors under combined shear and tension 
loads was studied by the FE method.  
In the third part, the structural behaviors of the SCS sandwich beams with mechanical 
shear connectors and ULCC were studied by the beam tests under one-point or two-point 
loading (Chapter 5). Analytical method was developed and proposed to predict the elastic 
deflection and ultimate strength of SCS sandwich beams. Nonlinear inelastic finite 
element model was also developed to predict the response behavior of the SCS sandwich 
beams with the ULCC and J-hook shear connectors.  
Static tests on one fourth scaled SCS sandwich composite shells under patch loading were 
carried out to investigate the ultimate strength of the SCS sandwich composite shell 
(Chapter 6). The bond improvement of using shear connectors was investigated through 
experimental comparative study. Punching shear strength of the SCS sandwich composite 
shells were obtained. Design parameters that have significant influence on the punching 
shear strength of the sandwich shell were identified by analyzing these test results. 
Modified Eurocode 2 method was proposed to predict the punching shear resistance of 
SCS sandwich composite shell (Chapter 7). The accuracy of the proposed method was 
validated by comparing the predicted results with those obtained from the tests. 
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8.2 Conclusions 
Based on the experimental, FE and analytical investigations on the SCS sandwich 
composite beams and shells in this thesis, major conclusions were drawn as follows: 
i) Concepts of nine types of novel shear connectors were proposed for the SCS 
sandwich composite structures. Finally, the typical UCU connectors were chosen for 
the prototype beam tests. It was found from the prototype beam test that the beam 
with the UCU connectors provided equivalent ultimate strength compared with the 
beam with J-hook connectors except the lower stiffness. SCS sandwich beams with J-
hook connectors and ULCC core exhibited equivalent ultimate strength to the beams 
with the headed shear studs. Compared with the headed shear studs, the J-hook 
connector could provide equivalent bond effectiveness to the SCS sandwich beams.   
ii) Shear strength of the J-hook shear connectors were experimentally studied through 
the push out test. It was observed that larger diameter and higher strength concrete led 
to larger shear resistance of the J-hook shear connectors in NWC, LWC and ULCC. 
Shear strength of the connector increased with the increasing of  /sh d  ratio. Failure 
modes also changed with the changes of the  /sh d  ratio. Finally, based on the 
regression analysis on the push out test results, design formulae (Eqn. 4.6) was 
proposed to predict the shear strength of the J-hook connector. Moreover, formulae 
used to describe the load-slip behaviors of J-hook connectors were also developed 
through the regression analysis based on experimental load-lip curves. 
iii) Tension capacity of the J-hook connectors embedded in NWC, LWC and ULCC were 
obtained through tensile tests. These tested specimens failed in concrete breakout 
failure, hook straighten, tension fracture of the steel shank and punching shear 
strength of the steel face plates. It was found that increasing the concrete strength of 
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the core material increased both concrete breakout resistance and hook straightening 
resistance. Larger diameter connector and larger D/d ratio increased the anchoring 
length of the J-hook connectors in the concrete, and thus increased the hook straighten 
strength. Larger diameter also increased ultimate strength of the steel shank of the 
connector. Adding PVA fibers to the concrete increased the tensile strength of the 
concrete, which increased the concrete breakout resistance but had minor influence on 
the hook straighten resistance. Design equations on tension capacity of the J-hook 
connectors were developed by modifying the formulae given in ACI 318, ACI349 and 
EC3. 
iv) Three dimensional finite element (FE) model was developed to simulate the behaviors 
of the J-hook shear connectors. The developed FE model was verified against the 
push out tests and tensile tests on the J-hook connectors. The FE model agreed well 
with the test results. The strengths of the J-hook shear connectors under combined 
shear and tension forces were obtained through FE analyses. Finally, design formulae 
were proposed to predict the strength of the J-hook connector subject to combined 
shear and tension forces by verifying their accuracy through numerical calibration 
with the FE results.   
v) Ultimate strength of SCS sandwich beams with shear connectors (including J-hook 
connector and headed shear stud) and ULCC were experimentally investigated 
through beam tests. Through the experimental investigations, it was found that the 
shear span significantly influence the failure modes of the beam. Increasing thickness 
of the steel face plates, and using higher strength core material significantly increased 
the shear strength of the SCS sandwich beams. Spacing of the connectors controls the 
quantity of the shear connectors linking the shear cracks and thus influences the shear 
strength of the sandwich beam. From the comparative studies on test results on beams 
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with J-hook shear connectors and headed shear studs, it was found that the J-hook 
connectors could provide equivalent longitudinal shear resistance but it was more 
superior in term of tension resistance due to the interlocking action between the 
double J-hook connector.   Thus J-hook connectors were recommended for sandwich 
plates subject to concentrated load or impact load where there is a potential separation 
of face plates arising from transverse shear action. Analytical expressions to predict 
the ultimate strength and elastic deflection of sandwich composite beams were 
developed. It was found that the predictions on the ultimate strength and elastic 
deflections by these developed formulae agreed well with the test results. Nonlinear 
inelastic FE model was also developed to simulate the SCS sandwich beams with the 
J-hook shear connectors. The FE analysis results agreed well with the test ones. 
Therefore, both the proposed analytical design formulae and the FE model were 
capable of analyzing the SCS sandwich beams under static load. These offer useful 
means of design and analysis of this type of structures for more complicated actions 
and configurations. 
vi) Ultimate strength of the SCS sandwich composite shell structures under patch loading 
were experimentally studied on ¼ scaled specimens. Through the comparative 
experimental studies on the SCS sandwich shells with and without shear connectors, it 
was found that introducing shear connectors into the SCS sandwich shells 
significantly increased the punching shear resistance of the structure. From the tests 
on seven sandwich shells, it was found that the larger thickness of the steel shells 
significantly increased the effective depth of the SCS sandwich shell and thus 
increased the punching shear resistance of the shell. Moreover, the effective punching 
shear stress of the SCS sandwich shell increased as the curvature of the sandwich 
shell increased. It was also observed that the inclination angle of the shear failure 
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surface of the punched cone increased as the curvature of the shell increased. Thus, 
the critical perimeter for the calculation of the punching shear strength decreased as 
this inclination angle of the shear failure surface increased. Finally, the punching 
shear resistance of the SCS sandwich shell firstly increased and then decreased as the 
curvature of the shell increased.  By replacing the concrete core with high strength 
concrete instead of ULCC, the tensile strength of the core material was increased by 3 
times (from 4.1 to 11.9 MPa). The punching shear strength of the SCS sandwich shell 
was increased by 125%. Higher strength concrete increased the tensile strength and 
thus increased the punching shear resistance of the sandwich shell. Changing the 
spacing of the connectors in the shell changed the active flexural reinforcement ratio 
and the quantity of the connectors linking the shear failure surface. Thus, larger 
spacing of the shear connector led to lower punching shear strength. Finally, it was 
verified that the punching shear resistance of sandwich shell was about 2.3~7.6 times 
of the maximum ice contact pressure as stipulated in API code or ISO 19906 code.  
Thus the proposed sandwich shell is suitable for used in artic region fulfilling the 
objective of the present research. 
vii)  Analytical analysis was also carried out on the SCS sandwich composites shells. This 
analytical method was developed through modifying EC2 and EC4 formulae on 
punching shear strength of the steel-concrete sandwich composite slab or RC slab. 
Formula of the inclination angle of the shear failure surface was specified as a 
function of the curvature of the shell based on the experimental observations in 
Chapter 7.  With the modified inclination angle for shear failure surface, the critical 
perimeter for controlling the punching shear failure was identified. Finally, the 
developed analytical model was verified against the test results. Moreover, 11 more 
tests from the literatures were also used for the verification. Through the verifications, 
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it was observed that the proposed model offers the best predictions compared with the 
EC2 method, ACI method and design formulae developed by the Sabnis and Shadid 
(1994).  
One contribution of this research is that several types of mechanical shear connectors 
have been developed for the SCS sandwich composite structures. Moreover, through the 
prototype beam tests, the effectiveness of the bond of UCU connector, J-hook connectors 
and the traditional headed shear stud connectors were compared. The significance of this 
work is that the strengths of the J-hook connector embedded in NWC, LWC and ULCC 
were systematically studied through the experimental studies and FE studies. This clears 
the obstacles on applying these types of SCS sandwich composite systems in civil and 
offshore engineering. Structural behaviors of the SCS sandwich beams with the J-hook or 
headed shear studs and the ULCC are investigated. The corresponding strengths of the 
sandwich beams are developed. This offers useful design approaches to design such type 
of structures. Through the experimental investigation and analysis on the SCS sandwich 
shell structures, the structural performances were investigated. These will provide useful 
information for ice-resistant structure and provide the missing information of the research 
on this topic, which makes contribution to the design practices. Finally, the modified 
design formulae on punching shear strength of the SCS sandwich composite shells offers 
a useful means to check the punching shear resistance of the SCS sandwich shell structure 
under the local ice pressure.  
8.3 Recommendations for future works 
The followings are some recommendations for the future studies to achieve a better 
understanding the structural behavior of the SCS sandwich structures: 
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i) Limited by the choice of the mechanical shear connectors, this paper only uses the 
traditional headed shear studs and J-hook connectors to bond the core material and the 
steel face plates. To develop novel shear connectors for SCS sandwich composite 
shell structures may be a good choice to provide stronger bond between the core 
materials and steel face plates.  
ii) In this thesis, only punching shear resistance of the SCS sandwich composite shell 
structure was investigated that considered local ice contact pressure. Structural 
behavior of this type of structures under larger loading area or even distributed 
pressure needs to be investigated. For shell subject to larger area of patch loading, 
flexural and snap through failure modes may be dominant. 
iii) Though the ice sheet moves toward the oil platforms in a low velocity (this velocity is 
less than 1mm/sec), the structural response under the impact loading due to sudden 
breakage of ices needs to be investigated. Therefore, impact behavior of SCS 
sandwich composite shell structures may be an area of great interest.  Reliable FE 
models need to be established to simulate the ice impact problems.  
iv) For applications in Arctic region, the influence of the low temperature on both steel 
face steel plates and core material (ULCC, NWC and other types of material) needs to 
be studied. The low temperature my change the ductility, strength as well as fracture 
mechanism of the steel material. The same influences may occur to the concrete 
material.  
v) Ice-resisting walls will be subject to gravity load due to its self-weight and imposed 
loads as well as horizontal ice-loading. Analyses on sandwich composite shell under 
combination of vertical compression and horizontal patch loading will be needed to 
capture as realistic as possible the various load combination effects on the structure. 
Having established the component models for the connectors and composite shell, 
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